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ABSTRACT
The innermost Galilean satellite, Io, is the most volcanically active body in the solar
system. The volcanic activity leads to material being released into Jupiter’s mag-
netosphere near Io’s orbit. This material becomes ionized and trapped in Jupiter’s
rotating magnetic field. The trapped material forms a torus of material around
Jupiter that is called the Io plasma torus. It contains an inner cold torus and an
outer warm torus. In this dissertation, I determine and interpret the distribution
of plasma in the Io plasma torus from radio occultation observations by the Juno
spacecraft. I perform a feasibility study to show that Juno radio occultation obser-
vations should be able to detect the Io plasma torus. Based on this feasibility study,
I predict that key Io plasma torus parameters – value and location of maximum total
electron content, and scale height – can be determined with 10–20 percent uncertain-
ties. I analyze Juno radio occultation observations from Perijove 1. Perijove is the
point where the spacecraft makes its closest approach. The observations are taken
for a 6 hour period around perijove and are labeled as Perijove followed by a num-
ber which corresponds to the orbit number. From the observations I determine the
Io plasma torus parameters and find that inferred densities are ∼ 30% larger than
models suggested. These results show that Juno radio occultation observations can
v
detect and usefully characterize the Io plasma torus. I analyze data from Perijoves
3, 6, and 8 and determine how Io plasma torus parameters vary. In this set of ob-
servations, the warm torus maximum total electron content and scale height do not
vary greatly. I test the prediction that the torus lies in the centrifugal equator by
modeling the equator location. Observed and predicted locations agree reasonably
if a Juno magnetic field model and a simple current sheet model are used. I find
that the contribution of the current sheet is significant, which suggests that remote
observations of the location of the Io plasma torus can be used to constrain Jupiter’s
magnetospheric current sheet.
vi
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Introduction
“...On the 7th day of January in the present year, 1610, at the first
hour of the night, when I inspected the celestial constellations through a
spyglass, Jupiter presented himself. And since I had prepared for myself a
superlative instrument, I saw (which earlier had not happened because of the
weakness of other instruments) that three little stars were positioned near
him — small but yet very bright. Although I believed them to be among the
number of fixed stars, they nevertheless intrigued me because they appeared
to be arranged exactly along a straight line and parallel to the ecliptic, and to
be brighter than others of equal sized... But when, on the eighth I returned
to the same observation, guided by I know not what fate, I found a very
different arrangement. For all three little stars were to the west of Jupiter
and closer to each other than the previous night, and separated by equal
intervals...”
– Galileo Galilei, Siderius Nuncius, March 1610
Translation by Albert Van Helden, Second edition
Astronomers have always been fascinated with observing the heavens. The
ancient astronomers observed objects and gave them the name planet, meaning wan-
dering stars, since they appeared to wander through the sky unlike the fixed stars
of the celestial sphere. As more precise observations were taken of the planets they
were found to follow complicated patterns in the sky. These patterns were difficult to
explain with the common idea of circular orbits about the the Earth. Nicholas Coper-
nicus in his work De revolutionibus orbium coelestium, published in 1743, proposed
2the Sun was the center of the solar system to simplify this complication. The Sun-
centered universe was later restated by Galileo in his Siderius Nuncius published in
1610. The Sun centered solar system still assumed circular orbits which only sightly
increased the ability to match the motions of the planets. The circular orbit theory
was later changed to elliptical orbits by Johannes Kepler when explaining the wealth
of observations taken by Tycho Brahe.
As in the quote at the beginning of this chapter, when Galileo turned his tele-
scope to the heavens he found that over time the position of stars, or what looked to
be stars, around the giant planet, Jupiter, changed from one night to the next. He
postulated that these were moons of the giant planet rather than background stars.
Galileo called these stars the Medici stars after ruling house of the time (Galilei ,
1610). These were the first observations of the moons of Jupiter. This was also the
beginning for the Jovian moon field of study and today the four largest are called
the Galilean moons. Today their names are Io, Europa, Ganymede, and Callisto.
After their discovery by Galileo, the Jovian moons captured the attention of
many throughout the following centuries and even hold a special place in the minds
of the scientific community today. With the invention of larger telescopes and better
instrumentation in the late 19th century the true nature of these satellites started
to come to light. Observations of the moons showed that Io was an orange color
compared with the other moons. The spectra of these moons were found to reveal
that Europa was composed primarily of water ice, and Io was something not seen
before (Cruikshank and Nelson, 2007). Even with the instrumentation becoming
better the true nature of the satellites, especially the volcanic activity of the moon
Io, was still not fully realized until the dawn of the space age.
In the years leading up to the space age, Jupiter was theorized to have a mag-
netic field to explain non-thermal radio emissions (Carr and Gulkis , 1969). The
3magnetosphere, the region of space under the influence of Jupiter’s magnetic field,
was first detected by the Pioneer 10 (1973) and 11 (1974) spacecraft. The Pioneer
spacecraft also made the first detection of the hydrogen plasma in the magnetosphere
around Io (Frank et al., 1975). Around the same time as the Pioneer flybys, the first
detection of ionized sulfur was made adding to the complexity of the Jupiter system
(Kupo et al., 1976). These spacecraft sparked greater interest in the outer planets.
The Voyager spacecraft passed the Jupiter system in the late 1970’s, provided a more
detailed view of the Jupiter system, and discovered the volcanic activity of the moon
Io (Krimigis et al., 1979; Morabito et al., 1979; Strom et al., 1979). The Voyager
spacecraft made the first in-situ detection of sulfur ion, oxygen ion, and detailed
electron densities of Jupiter’s magnetosphere (Broadfoot et al., 1979; Bagenal and
Sullivan, 1981). Since the Voyager spacecraft passed by Jupiter many space mis-
sions, Galileo, Cassini, and Juno, and ground and space-based telescopes, including
the Catalina Observatory, the Hubble Space Telescope, and Hisaki, have been used
to study the interplay between Jupiter, its magnetosphere, and its moons.
The focus of this dissertation is the most striking feature of Jupiter’s magne-
tosphere, the Io plasma torus, which envelopes the orbit of Io, the innermost of the
moons discovered by Galileo. In this chapter I present an overview of Jupiter’s mag-
netosphere in Section 1.1, an overview of the Io plasma torus in Section 1.2, a review
of radio occultations in Section 1.3, and a review of Juno in Section 1.4.
1.1 The magnetosphere of Jupiter
Jupiter’s magnetosphere is the largest object in the solar system. Its sunward
extent is roughly 90 Jovian radii (RJ) and the radius at the terminator is roughly
150 RJ (Khurana et al., 2004; Bolton et al., 2015). A schematic is shown in Figure
1.1. Jupiter’s magnetotail is so elongated that it is likely that Saturn’s orbit, which
4Fig. 1.1: Schematic of Jupiter’s magnetosphere, created by Fran Bage-
nal and Steve Bartlett. This shows the size and scale of the mag-
netosphere and where the Io plasma torus is located. (graphic from
http://lasp.colorado.edu/home/mop/resources/graphics/graphics/)
is located twice as far from the Sun as Jupiter, is regularly within the magnetosphere
(Kurth et al., 1982). By contrast, the next largest planetary magnetosphere, Saturn’s,
has a sunward extent of only 18 RJ (Gombosi et al., 2009). The large size of Jupiter’s
magnetosphere is caused by the balance of the planet’s strong magnetic field and
internal plasma pressure with the solar wind dynamic pressure (Khurana et al., 2004).
Jupiter’s magnetic moment of 1.56 × 1020 T m3 is 34 times stronger than the next
strongest planetary magnetic moment, Saturn’s (Guillot et al., 2004). The tilt of
the magnetic equator with respect to the rotational equator is nominally 9.5 degrees
(Dessler , 1983; Khurana et al., 2004; Bagenal et al., 2017a). Jupiter’s magnetosphere
serves as a well-studied template for understanding all other magnetospheres of gas
5giant planets in the galaxy. Moreover, the magnetosphere is a laboratory for high-
energy astrophysical plasma processes that is accessible to spacecraft.
The sources and characteristic dynamics of plasma are key attributes of a plan-
etary magnetosphere. Plasma in Jupiter’s magnetosphere is supplied by internal
sources, primarily volcanic eruptions on the moon Io, rather than by the solar wind.
The dynamics of Jupiter’s magnetospheric plasma are also dominated by rapid plan-
etary rotation, rather than by forcing from the external solar wind (Krupp et al.,
2004). The magnetosphere is tightly coupled with the ionosphere as energy flows
from the magnetosphere into the ionosphere at a rate of 200–800 GW (Clarke et al.,
2004; Bagenal and Delamere, 2011). Consequently, Jupiter’s auroral emissions are
two orders of magnitude more powerful than the Earth’s.
1.2 The Io plasma torus
The bulk of the plasma in Jupiter’s magnetosphere is contributed by volcanic
activity on Io. This volcanic activity creates an atmosphere around Io that is then lost
to Jupiter’s magnetosphere (Thomas et al., 2004; Bagenal et al., 2017a). The material
then becomes ionized via electron collisions or charge exchange (Smyth and Combi ,
1988; Smyth, 1992). Once ionized, these particles are affected by electromagnetic
forces in addition to gravitational and centrifugal forces (Hill et al., 1974; Thomas
et al., 2004). These forces disperse the Io-genic plasma away from Io, but do not
do so uniformly in all directions. Instead, the plasma is initially confined to a torus
that is centered on the centrifugal equator at Io’s orbital distance (5.9 RJ), called
the Io plasma torus (IPT). The centrifugal equator is the locus of points on a given
field line which are located at the greatest distance from the rotation axis (Hill et al.,
1974; Dessler , 1983; Khurana et al., 2004).
61.2.1 Observations of the Io plasma torus before the Juno mission
The IPT can be observed in a variety of ways, including ground-based optical
and infrared measurements (Brown, 1995; Schneider and Trauger , 1995; Schneider
et al., 1997; Nozawa et al., 2004; Herbert et al., 2008; Schmidt et al., 2018), spacecraft
in situ measurements (Judge and Carlson, 1974; Carlson and Judge, 1975; Bagenal
and Sullivan, 1981; Bagenal et al., 1997), spacecraft ultraviolet (UV) measurements
(Broadfoot et al., 1977, 1979; Moos and Clarke, 1981; Herbert et al., 2001, 2003;
Steﬄ et al., 2004a,b), and spacecraft radio occultation experiments (Eshleman et al.,
1979a; Levy et al., 1981; Bird et al., 1992). Each observational technique gives a
unique view of, and insight into, the IPT.
Ground-based optical and infrared observations can measure the composition,
density, and temperatures of plasma within the IPT (Kupo et al., 1976; Pilcher and
Morgan, 1979; Brown, 1995; Schneider and Trauger , 1995). Ground-based optical
observations are shown in Figure 1.2. The intensities of species-specific emission
lines indicate the composition of the plasma. Electron density in the IPT can be
determined from the intensity ratio of S+ emission lines at 6717 and 6731 A˚ or
the intensity ratio of O+ emission lines at 3726 and 3729 A˚ (Brown, 1976). The
electron temperature can be determined from intensity ratios of other pairs of S+
lines and the perpendicular ion temperature can be determined from the width of
the S+ 6731 A˚ line (Brown, 1976). The brightest emissions from the IPT are sodium
D-line emissions due to resonant scattering of solar radiation by neutral sodium,
although their behavior is different from typical torus plasma since they are neutral.
The sodium emission is expected to be a tracer of the neutrals but not of the ions.
These emissions are often used as proxy measurements for the main constituents
of the IPT, ionized sulfur and oxygen. Many ground-based surveys of spatial and
temporal variability in the IPT have been conducted (e.g. Brown, 1995; Schneider
7Fig. 1.2: Series of ground-based images of the IPT singly ionized sulfur at 6371
A˚(Schneider and Trauger , 1995).
8Fig. 1.3: Spectra of the Io plasma torus taken by the Cassini UVIS instrument on
January 14, 2001 from Thomas et al. (2004). The y-axis represents the brightness
averaged from 4 to 8 RJ and averaged over all torus latitutes.
and Trauger , 1995; Mendillo et al., 2004a; Nozawa et al., 2004, 2005, 2006; Yoneda
et al., 2009, 2010, 2013).
Valuable observations of the IPT were made by Voyager 1 during its flyby
in March 1979 (Bagenal and Sullivan, 1981) and Galileo during its orbital tour in
1995–2003 (Bagenal et al., 1997). Each spacecraft was equipped with an ultraviolet
spectrometer (UVS) that covered 400–1800 A˚ and an in situ plasma instrument
(PLS). The UVS experiments were able to measure electron density and temperature,
ion temperature perpendicular to the magnetic field, and composition. An example
UV spectrum with lines labeled is shown in Figure 1.3. The PLS experiments were
able to measure plasma density, velocity, and composition (Bagenal , 1994; Thomas
et al., 2004). Due to degeneracies in the interpretation of observations from each
instrument, both remote sensing UVS measurements and in situ PLS measurements
were necessary to map the composition of the torus completely. In situ measurements
9Fig. 1.4: Spectra of the Io plasma torus taken by the Cassini UVIS instrument
from Steﬄ et al. (2004a). The UVIS took an image of the Jupiter system at different
wavelengths. In each panel, the line of emission at distance zero indicates the reflected
solar radiation from Jupiter. The vertical emission outside of the center region is
the emission from the Io plasma torus. At the different longitudes the different
orientations of the torus can be seen.
by Voyager 1 (Bagenal and Sullivan, 1981) and Galileo (Bagenal et al., 1997) mapped
the spatial extent of the IPT. They found that the IPT is centered at the orbital
distance of Io, 5.9 RJ , and has widths of about 2 RJ in, and 1 RJ perpendicular to,
the plane of the centrifugal equator. The Cassini Ultraviolet Imaging Spectrograph
(UVIS) also observed the IPT during Cassini’s Jupiter flyby in 2000–2001 (Steﬄ
et al., 2004a,b) (shown in Figure 1.4).
Prior to Juno, radio occultations through the IPT have been conducted twice,
once by Voyager 1 (Eshleman et al., 1979a; Levy et al., 1981; Campbell and Synnott ,
1985) and later by Ulysses (Bird et al., 1992, 1993). These observations provided a
time series of measurements of the total electron content, abbreviated TEC, in the
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IPT between the spacecraft and the Earth. In combination with knowledge of the
spacecraft trajectory, these TEC measurements constrained spatial variations in the
local electron density within the IPT.
1.2.2 Radial distribution of plasma from observations
The spatial distribution of plasma in the IPT has also been mapped by space-
craft and Earth based observations. From the observations, a general picture of
the IPT has been developed. From Voyager 1 measurements, Bagenal and Sullivan
(1981) found that the torus can be divided into three different regions: the cold torus,
ribbon, and warm torus. These regions are located along the centrifugal equator.
The innermost region, centered at 5.2 RJ , is the cold torus. In the cold torus,
densities fall off with height above the centrifugal equator with a scale height of
0.1 RJ , which is relatively small. The cold torus peaks at around 5.23 RJ and
extends from 4.9 RJ to 5.5 RJ and has a characteristic density of ∼1000 cm−3.
Its composition is mostly S+ ions with smaller amounts of O+ ions present (Thomas
et al., 2004; Bagenal et al., 2017b; Nerney et al., 2017). In the cold torus, the electron
temperature Te ≈ 1–2 eV and the ion temperature Ti ≈ 1–4 eV. Beyond the cold
torus lies the ribbon, whose center is at a distance of 5.6 RJ . It has a scale height
of 0.6 RJ and extends from 5.5–5.7 RJ . The ribbon has a high characteristic density
of ∼3000 cm−3 and it is mostly O+ ions with smaller amounts of S+ ions present.
In the ribbon, Te ≈ 4–5 eV and Ti ≈ 10–30 eV. The outermost region is the warm
torus, whose center is at Io’s orbital distance of 5.9 RJ . It has a scale height of 1 RJ ,
which makes it the thickest region, and extends from 5.7–8 RJ . The warm torus has
a characteristic density of ∼2000 cm−3 and it is composed of S2+ and O+ ions with
trace amounts of O2+, S+, and S3+ ions. In the warm torus, Te ≈ 5–8 eV and Ti ≈
60 eV. The radial distribution of composition and the centrifugal equatorial density
distribution are shown in Figure 1.5.
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Fig. 1.5: (top) Radial distribution from the Voyager spacecraft plasma science and
planetary radio astronomy data. The peaks labeled 1, 2, and 3 correspond to the
warm torus, ribbon, and cold torus, respectively (Bagenal and Sullivan, 1981). (bot-
tom) Voyager and Galileo temperature measurements. Also shown is the intensity
measurements showing the intense ribbon(Thomas et al., 2004).
1.2.3 Scale height of plasma distribution
The plasma of the IPT not only has a radial distribution but also a latitudinal
distribution (Gledhill , 1967; Hill et al., 1974; Vasyliunas , 1983; Thomas et al., 2001;
Khurana et al., 2004). Given the structure of Jupiter’s magnetic field, variations in
latitude near the equatorial plane are approximately equal to variations along the
field line. The distribution along the field lines can be derived through the balance of
forces (derivation similar to Gledhill (1967)). The force balance of the plasma begins
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with the momentum equation, which is defined for all species, s, in the plasma (Chen,
1983):
msns
d
⇀
us
dt
= −
⇀
∇Ps + ns
⇀
F . (1.1)
Here ms is the species mass, ns is the number density, us is the bulk velocity, Ps is
the plasma pressure for the species, and
⇀
F is all external forces. Assuming steady
state leads to the following equation:
0 = −
⇀
∇Ps + ns
⇀
F . (1.2)
Moving the F onto the left gives:
ns
⇀
F =
⇀
∇Ps. (1.3)
In Jupiter’s fast rotating magnetic field the force of gravity is negligible (Bagenal
and Sullivan, 1981). If the frame of reference is that which is rotating with the
magnetic field then the force acting on the material becomes:
⇀
F = msΩ
2
(
r cos2 λrˆ + r sinλ cosλλˆ
)
+ qs
(⇀
E +
⇀
v s ×
⇀
B
)
, (1.4)
where Ω is the angular velocity of Jupiter (∼ 1.75× 10−4 rad s−1), r is the distance
from the origin to a point in space, λ is the co-latitude,
⇀
E is the electric field,
⇀
v is
the plasma velocity, and
⇀
B is the magnetic field. Thus, Equation 1.4 becomes:
msnsΩ
2
(
r cos2 λrˆ + r sinλ cosλλˆ
)
+ qs
⇀
E + qs
⇀
v s ×
⇀
B =
⇀
∇Ps. (1.5)
To get the component of this equation parallel to the magnetic field take the scalar
product of Equation 1.5 with Bˆ, the magnetic field direction vector. Thus, equation
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1.5 can be re-written as:
(
msnsΩ
2
(
r cos2 λrˆ + r sinλ cosλλˆ
)
+ qs
⇀
E + qs
⇀
v s ×
⇀
B
)
· Bˆ =
⇀
∇Ps · Bˆ. (1.6)
Distributing the dot product into the parentheses gives:
msnsΩ
2
(
r cos2 λrˆ + r sinλ cosλλˆ
)
· Bˆ+ qs
⇀
E · Bˆ+ qs
(
⇀
v s ×
⇀
B
)
· Bˆ =
⇀
∇Ps · Bˆ. (1.7)
By definition:
(⇀
A×
⇀
C
)
· Cˆ = 0. (1.8)
Therefore:
qs
(
⇀
v s ×
⇀
B
)
· Bˆ = 0. (1.9)
This simplifies Equation 1.7 to:
msnsΩ
2
(
r cos2 λrˆ + r sinλ cosλλˆ
)
· Bˆ + qs
⇀
E · Bˆ =
⇀
∇Ps · Bˆ. (1.10)
Assume that the magnetic field is dipolar with its origin at the center of mass
of Jupiter and its axis aligned with the rotational axis. The dipolar approximation
is good at the orbital distance of Io (5.89 RJ) since the dipolar field falls off as 1/R
3
and the higher order components of the magnetic field fall of much quicker. This
assumption is approximately, although not perfectly, satisfied at Jupiter. Hence
⇀
B
is (Cravens , 1997):
⇀
B =
2M sinλ
r3
rˆ +
M cosλ
r3
λˆ. (1.11)
where M is the magnetic dipole moment of the magnetic field. From this the unit
vector Bˆ satisfies:
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Bˆ =
2 sinλrˆ + cosλλˆ√
1 + 3 sin2 λ
. (1.12)
Thus, the first term in Equation 1.10 satisfies:
(
r cos2 λrˆ + r sinλ cosλλˆ
)
· Bˆ = 2r sinλ cos
2 λ+ r sinλ cos2 λ√
1 + 3 sin2 λ
(1.13)
=
3r sinλ cos2 λ√
1 + 3 sin2 λ
In the limit of λ approaching zero then:
(
r cos2 λrˆ + r sinλ cosλλˆ
)
· Bˆ = 3r sinλ cos
2 λ√
1 + 3 sin2 λ
≈ 3r sinλ = 3z, (1.14)
if z = r sinλ is the distance above the equatorial plane. Thus, Equation 1.10 is now:
msnsΩ
23z + qsnsEz = −∂Ps
∂z
. (1.15)
where Ez is the component of the electric field along the magnetic field line and the
pressure is only the derivative with respect to z.
Considering one single ion species Equation 1.15 can be split into ions and
electrons and written as:
ne(3meΩ
2z + qeEz) = −∂Pe
∂z
(1.16)
ni(3miΩ
2z + qiEz) = −∂Pi
∂z
(1.17)
Assuming quasi-neutrality, Zini = ne, where Zi is the charge number of the ion,
leads to ZiPi/Ti,‖ = Pi/Te,‖. Here ‖ means the component parallel to the magnetic
field and therefore Ti,‖ is the parallel ion temperature and Te,‖ is the parallel electron
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temperature. Along with the density equality, the plasma has electron and ion charge
defined as qe = −e and qi = Zie, respectively. Therefore, the two equations above
become:
ne(3meΩ
2z − eEz) = −∂Pe
∂z
(1.18)
for electrons and:
ne
Zi
(3miΩ
2z + ZieEz) = − Ti,‖
ZiTe,‖
∂Pe
∂z
(1.19)
for ions.
Solving for Ez in Equation 1.18 gives:
Ez =
1
ene
∂Pe
∂z
+ 3
me
e
Ω2z. (1.20)
Replacing Ez in Equation 1.19 gives:
ne
Zi
(3miΩ
2z + Zie(
1
ene
∂Pe
∂z
+ 3
me
e
Ω2z)) = − Ti,‖
ZiTe,‖
∂Pe
∂z
. (1.21)
This equation can be reduced to:
3mi
ne
Zi
Ω2z +
∂Pe
∂z
+ 3nemeΩ
2z = − Ti,‖
ZiTe,‖
∂Pe
∂z
. (1.22)
Assuming the electrons behave like an ideal gas, the pressure, Pe, equals nekTe,‖
where ne is the electron number density, k is the Boltzmann constant, and Te,‖ is the
parallel electron temperature. It is also assumed that the temperature, Te,‖, does not
vary as a function of z and can be removed from the derivative. Since me << mi then
nemeΩ
2z << 3mi
ne
Zi
Ω2z. Therefore, Equation 1.22 can be reduced and rearranged to
get ne on a side by itself. The equation becomes:
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−3mi 1
Zi
Ω2z =
kTe,‖
ne
∂ne
∂z
+ kTe,‖
Ti,‖
ZiTe,‖ne
∂ne
∂z
. (1.23)
This equation can be simplified even further by getting all terms other than ne
and its derivative on the right hand side. The equation then becomes:
−3miΩ2z
k(ZiTe,‖ + Ti,‖)
=
1
ne
∂ne
∂z
. (1.24)
Integrating this equation, from ne,0 to ne on the right hand side and from 0 to
z on the left hand side, gives an equation for ne as follows:
−3miΩ2z2
2k(ZiTe,‖ + Ti,‖)
= ln
ne
ne,0
. (1.25)
Solving for ne as a function of the other variables gives:
ne(z) = ne,0e
− 3miΩ
2z2
2k(Ti,‖+ZiTe,‖) = ne,0e
− z2
H2 (1.26)
Equation 1.26 defines the plasma scale height. Thus the scale height, H, is
related to plasma composition and temperature as (Thomas , 1992; Thomas et al.,
2004):
H =
√
2k(Ti,‖ + ZiTe,‖)
3MiΩ2
(1.27)
where, again, k is the Boltzmann constant, Ti,‖ is the parallel ion temperature, Zi is
the atomic number of the ion species, Te,‖ is the parallel electron temperature, Mi is
the mass of the ion species, and Ω is the rotation rate of Jupiter’s magnetosphere.
Since Te,‖ is much smaller than Ti,‖, the scale height is effectively insensitive to Te,‖.
This scale height defines the extent of the IPT parallel to the magnetic field lines.
If a radio occultation can determine the scale height H, then Equation 1.27 can
be used to infer the ion temperature. Doing so requires independent knowledge of
17
the ion composition, which is summarized in Section 1.2.2 and has been shown to be
relatively stable (Nerney et al., 2017).
Figure 1.5 shows the temperature as a function of radial distance. This, along
with composition as radial distance (Figure 1.6), can be used in conjunction with
Equation 1.27 to determine the scale height as a function of radial distance.
Fig. 1.6: (top) The plasma density distribution in centrifugal coordinates from the
Voyager era.(bottom) Ion charge fraction, which can be thought of as fractional
abundance, as a function of radial distance found during the Voyager era (Thomas
et al., 2004).
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1.2.4 Location of the Io plasma torus equator
Where the peak in density in the torus occurs where the balance between the
rotational and magnetic forces balance. The equator where the forces balace is called
the centrifugal equator. For the set of points on a given field line, the point that
lies in the centrifugal equator is the point that is at the greatest distance from the
rotational axis. The surface of the centrifugal equator is the locus of such points.
Here I show that, for a dipole field centered at the center of mass of Jupiter, the
centrifugal equator is a plane. If the magnetic dipole axis is tilted with respect to
the rotational axis, then the axis of the centrifugal equator is tilted with respect to
both the rotational axis and the magnetic dipole axis (Hill et al., 1974; Vasyliunas ,
1983; Khurana et al., 2004).
I adopt a coordinate system with the origin at the center of mass of Jupiter and
the z-axis parallel to the magnetic dipole axis. If
⇀
p is a point on the xz-plane such
that
⇀
p = r sin θxˆ+ r cos θzˆ, where r and θ are the usual spherical polar coordinates.
In this system, θ is the magnetic colatitude. For a dipole field line, r = r0 sin
2 θ,
where r0 is the value of r on this field line at the magnetic equator, and hence
⇀
p = r0 sin
3 θxˆ+ r sin2 θ cos θzˆ.
The rotational axis is tilted by a positive-definite angle α with respect to the
magnetic dipole axis in the direction of magnetic longitude φ such that the rotational
axis unit vector nˆ satisfies nˆ = sinα cosφxˆ + sinα sinφyˆ + cosαzˆ. The distance
L between point
⇀
p and the line of the rotational axis is
∣∣∣(⇀p · nˆ) nˆ− ⇀p ∣∣∣. Hence
L2 =
⇀
p · ⇀p −
(
⇀
p · nˆ
)2
. Thus the length L can be found using p and any unit vector
nˆ′ that satisfies
⇀
p · nˆ′ = ⇀p · nˆ. A convenient nˆ′ to adopt is a unit vector parallel to
the component of
⇀
n in the xz-plane. That is:
nˆ′ =
tanα cosφxˆ+ zˆ√
1 + tan2 α cos2 φ
. (1.28)
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This reduces the three-dimensional problem of finding the point on this field line
that is the greatest distance from the rotational axis to the two-dimensional problem
of finding the point on this field line that is the greatest distance from the projection
of the rotational axis into the plane of the field line. The two-dimensional problem
is mathematically more straight-forward.
In two dimensions the distance between the point
⇀
p = px1xˆ1 + px2xˆ2 and the
line that passes through the origin with direction given by the unit vector
⇀
n =
nx1xˆ1 + nx2xˆ2 is |px1nx2 − px2nx1|. Consequently, we have:
L =
∣∣r0 sin3 θ − r0 sin2 θ cos θ tanα cosφ∣∣√
1 + tan2 α cos2 φ
(1.29)
To find the angle θ at which this field line crosses the centrifugal equator, the deriva-
tive of L with respect to θ needs to be set equal to zero and determine the expression
for θ in terms of α and φ. Since d |Q| /dθ = 0 is equivalent to dQ/dθ = 0 for any
Q (θ), then the absolute value aspect of Equation 1.29 can be neglected. The de-
nominator of Equation 1.29, which is independent of θ, and the factor of r0 in the
numerator can be removed from the equation. Hence dL/dθ = 0 is equivalent to:
d
(
sin3 θ − sin2 θ cos θ tanα cosφ)
dθ
= 0. (1.30)
The computed derivative is:
3 sin2 θ cos θ − 2 sin θ cos2 θ tanα cosφ+ sin3 θ tanα cosφ = 0 (1.31)
Dividing by cos2 θ sin θ and rearranging gives:
tan2 θ tanα cosφ+ 3 tan θ − 2 tanα cosφ = 0 (1.32)
This is a quadratic equation for tan θ with the solution:
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tan θ =
−3±
√
9 + 8 tan2 α cos2 φ
2 tanα cosφ
. (1.33)
The corresponding magnetic latitude, λ, can also be found. Since θ = pi/2− λ,
Equation 1.33 becomes:
tan θ = tan
(pi
2
− λ
)
= cotλ =
−3±
√
9 + 8 tan2 α cos2 φ
2 tanα cosφ
. (1.34)
cotλ = 1/ tanλ and so Equation 1.34 can be rearranged to get tanλ as:
tanλ = −2
3
tanα cosφ
1∓
√
1 + 8
9
tan2 α cos2 φ
. (1.35)
Thus, the angle of tilt of a point along the centrifugal equator from the magnetic
equator can be determined if the angle between the magnetic dipole axis and Jupiter’s
rotational axis is known.
If the cos2 φ term in the denominator were absent (Vasyliunas , 1983), then this
would be the equation of a plane passing through the origin. Since the deviations
from planarity caused by this term are small in comparison to the errors inherent in
the assumption of a centered tilted dipole field, Equation 1.35 is usually interpreted
as showing that the centrifugal equator is a plane for a centered tilted dipole field.
Since α is small, we may approximate Equation 1.35 as:
tanλ ≈ −1
3
tanα cosφ. (1.36)
Absolute values of λ are greatest for φ = 0 or pi, which occurs for the field lines
whose plane is the plane that contains both the rotational and magnetic dipoles
axes. λ = 0 for any α where φ = pi/2 or 3pi/2, which occurs for the field lines whose
plane is perpendicular to the plane that contains both the rotational and magnetic
dipole axes.
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The tilt of the plane of the centrifugal equator with respect to the magnetic
dipole equator is the absolute value of λ for φ = 0. For small α, λ = −α
3
. In
Equation 1.36 if α, the tilt of the magnetic dipole axis, is 9.6 degrees then λ, the
tilt of the centrifugal equator, is -3.2 degrees. The centrifugal equatorial axis is 3.2
degrees from the magnetic axis towards the rotational axis and 6.4 degrees from the
rotational axis towards the magnetic axis. Thus, the centrifugal equator is between
the rotational and magnetic dipole axes and twice as close to the magnetic dipole
axis as to the rotational axis.
Ground-based observations can determine the locations of the ribbon feature
(Schneider and Trauger , 1995; Herbert et al., 2008; Schmidt et al., 2018). Figure 1.7
shows the results from the ground-based data taken in the early 1990’s by Schneider
and Trauger (1995). Compared to the models of the time period it can be seen that
Fig. 1.7: Model versus ground-based data showing the variation in the centrifugal
equator. Figure from Schneider and Trauger (1995).
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there is an offset from these models. The inclusion of a simple current sheet is seen
to be necessary for the torus location to agree with models. Herbert et al. (2008)
determined an offset of the ribbon feature from the location of the cold inner torus
from the observations and found a 1–2 degree offset.
1.3 The radio occultation measurement technique
A radio occultation occurs when an object, here the Io plasma torus, comes
between the transmitter and receiver of a radio signal. The Voyager (Eshleman
et al., 1979b,a; Levy et al., 1981) and Ulysses (Bird et al., 1992, 1993) spacecraft
proved the Io plasma torus could be detected by radio occultation (Figure 1.8). On
each orbit, Juno passes through the centrifugal equator such that the Io plasma torus
is between the spacecraft and Earth. This geometry is suitable for radio occultation
observations of the torus.
1.3.1 Perijove 1 method
During radio tracking, Juno will receive a radio signal from the Earth at X-band
frequencies (7.3 GHz) and use multipliers to retransmit that signal back to Earth
at X-band frequencies (8.4 GHz) and Ka-band frequencies (32.1 GHz) (Table 1.1)
(Mukai et al., 2012; Asmar et al., 2017). This method is similar to the method used
by Cassini for radio occultations after the failure of its ultrastable oscillator (Schinder
et al., 2015) and to the method that will be used by BepiColombo for gravity science
measurements (Tommei et al., 2015). Since the downlink frequencies are derived from
the same source, the two down-linked radio signals will be transmitted coherently.
The propagation of the radio signal is affected by plasma along its path such
that the received frequency contains information about the electron density along the
path of the radio signal. As is shown here, the line-of-sight integrated electron density
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Fig. 1.8: Ulysses radio occultation of the Io plasma torus. Also shown is a model
comparison to different models based off the Voyager data. Figure from Bird et al.
(1993).
can be derived from comparison of the received frequencies of the two down-linked
radio signals.
The transmitted radio signals travel along a path between Juno and the Earth.
As they travel the phase, φ, of the wave becomes shifted due to the material along
the line-of-sight by:
∆φ =
ω
c
∫
µdl (1.37)
where ω is the frequency, c is the speed of light, and µ is the real component of
refraction index, n = µ + iχ. This refractive index includes all terms along the line
of sight contributing to the phase shift. Neglecting relativistic effects, this equation
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Table 1.1: Juno radio signal parameters (Asmar et al., 2017).
Parameter Value
Downlink Frequency [GHz]
X-Band 8.404
Ka-Band 32.09
Turnaround Ratio
X to X-Band 880
749
X to Ka-Band 3360
749
Ka to Ka-Band 3360
3599
fD,X
fD,Ka
880
3360
becomes:
∆φ =
2pifT
c
∫ (
1− ω
2
p
2ω2
+ κn
)
dl (1.38)
where fT is the transmitted frequency, c is the speed of light, ωp is the plasma
frequency, κ is the mean refractive volume of the neutrals, and n is the number
density of neutrals (Chen, 1983).
The received phase is this quantity added to the transmitted phase, φR = φT +
∆φ. Plugging in ∆φ and ω2p =
Ne2
0me
(Chen, 1983) gives:
φR = φT +
2pifT
c
∫ (
1− Ne
2
0me8pi2f 2T
+ κn
)
dl (1.39)
where f is frequency, subscripts R and T refer to received and transmitted, respec-
tively, c is the speed of light, t is time, l is distance along the ray path, −e is the
electron charge, me is the electron mass, 0 is the permittivity of free space, N is
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the electron density, κ is the mean refractive volume of the neutrals, and n is the
number density of neutrals. Since the phase is related to the frequency by 2pif = −dφ
dt
Equation 1.39 can be re-written as:
fR = fT − fT
c
d
dt
∫
dl +
e2
8pi2me0cfT
d
dt
∫
Ndl − fTκ
c
d
dt
∫
ndl. (1.40)
The received frequency on the Earth of the downlinked X-band signal satisfies (With-
ers et al., 2014):
fR,X = fT,X − fT,X
c
d
dt
∫
dl +
e2
8pi2me0cfT,X
d
dt
∫
Ndl − fT,Xκ
c
d
dt
∫
ndl (1.41)
where subscript X refers to X-band. A similar equation can be written for the
received frequency on the Earth of the downlinked Ka-band signal:
fR,Ka = fT,Ka − fT,Ka
c
d
dt
∫
dl +
e2
8pi2me0cfT,Ka
d
dt
∫
Ndl − fT,Kaκ
c
d
dt
∫
ndl (1.42)
where subscript Ka refers to Ka-band. The two transmitted frequencies, fT,X and
fT,Ka, satisfy fT,Ka/fT,X = fD,Ka/fD,X , where fD,Ka/fD,X is a fixed ratio of 3344/880
(Kliore et al., 2004) for pre-Juno Chapter 2 and 3360/880 for all other chapters. The
subscript D refers to downlinked frequencies. Accordingly, Equation 1.42 can be
multiplied by fD,X/fD,Ka and subtracted from Equation 1.41 to give:
∆f = fR,X − fR,Ka
(
fD,X
fD,Ka
)
=
e2
8pi2me0cfT,X
(
1−
(
fD,X
fD,Ka
)2)
d
dt
∫
Ndl (1.43)
where ∆f is defined as fR,X − fR,Ka
(
fD,X
fD,Ka
)
. Terms proportional to the transmitted
frequency in Equations 1.41–1.42 cancel out in this difference. This eliminates the
classical Doppler shift and effects of neutral molecules. The quantity
∫
Ndl is the
line-of-sight TEC. If time series of fR,X and fR,Ka are available, Equation 1.43 can be
used to determine the rate of change of the TEC. Given knowledge of the spacecraft
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trajectory, the time rate of change of the TEC can be converted into the spatial
gradient of the TEC. Finally, this can be integrated to give the TEC for each different
line of sight.
During each Juno perijove, the Juno-Earth line of sight sweeps through one
sector of the IPT. As time passes, the path of the line of sight through the IPT
changes. As the spacecraft approaches perijove, the lines of sight begin to pass
through the torus. Once the spacecraft passes through perijove, the lines of sight
leave the torus. Since propagation through the plasma in the torus affects properties
of the received radio signal, the received radio signals can be analyzed to determine
torus properties.
A suitable Juno-Earth radio link must be established in order to measure torus
densities by radio occultations. This was accomplished on Perijoves (PJ) 1, 3, 6,
and 8. Juno conducted microwave radiometer (MWR) observations in which Juno’s
high-gain antenna (HGA) was pointed away from the Earth on PJ4, 5, 7, and 9
(Buccino et al., 2018). Juno was in safe mode on PJ2.
During PJ1, a NASA Deep Space Network (DSN) tracking station (DSS-55, a
34m antenna at the Madrid Deep Space Communications Complex) transmitted an
X-band radio signal to the spacecraft. This radio signal was received and coherently
re-transmitted by the spacecraft at X and Ka-band (the radio science system is
discussed in Asmar et al. (2017)). Upon receipt at the Earth, these radio signals
were analyzed in support of Juno gravity science objectives (Folkner et al., 2017).
The differential Doppler shift of the received radio signals is defined in Equation 1.43.
1.3.2 Perijove 3, 6, and 8 method
A different non-coherent observing mode was used during Perijove 3, 6, and
8. For PJ3, PJ6, and PJ8, Goldstone Deep Space Network (DSN) station DSS-25
transmitted X-band (7.2 GHz) and Ka-band (34 GHz) radio signals to Juno (Buccino
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et al., 2018). Juno then transmitted X-band (8.4 GHz) and Ka-band (32 GHz) radio
signals back to the Earth. The X-band downlink was referenced to the X-band uplink
and the Ka-band downlink was referenced to the Ka-band uplink. Due to dispersion
of the uplinked radio signals, the downlinked X-band and Ka-band signals are not
coherently related.
The classical Doppler shift, relativistic effects, and the effects of the Earth’s
neutral atmosphere can, in principle, be predicted using known trajectories and grav-
itational fields, and accurate models of the troposphere, then subtracted from each
received frequency to leave a quantity called the frequency residual (Withers et al.,
2014; Phipps and Withers , 2017). At each band, this frequency residual should equal
the frequency shift caused by the effects of plasma only. However, Jupiter’s gravi-
tational field and other non-gravitational effects are not known sufficiently well for
this approach to be reliable (which is why Juno has a Gravity Science investigation).
Instead, X-band and Ka-band observations are analyzed together so that the non-
dispersive (proportional to frequency, such as classical Doppler shift) and dispersive
(not proportional to frequency, such as plasma effects) effects can be separated.
To do this, the X- and Ka-band Doppler observables (fobs) are combined to re-
move the effects of plasma noise (e.g. Mariotti and Tortora, 2013), and adjustments
are applied to the measurements to calibrate for the Earth’s ionosphere from GPS
data, and the Earth’s troposphere from either analytical models or water vapor ra-
diometer measurements (when available). Next, the spacecraft trajectory and Jupiter
gravity field are estimated using the calibrated Doppler observables through statisti-
cal orbit determination, based on a square root information filter. The general orbit
determination process is described in Tapley et al. (2004) and as applied to Juno
in Folkner et al. (2017). Third, the expected frequency (fcomp) is re-computed using
the new estimated spacecraft trajectory and Jupiter’s gravity field from the orbit
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determination process. Finally, the residual frequency (δf) is computed individually
for both X- and Ka-bands as the difference between the observed Doppler frequency
(uncalibrated for plasma noise) and computed Doppler frequency:
δf = fobs − fcomp (1.44)
Information about the total electron content is contained within the uncali-
brated Doppler residuals. The frequency residuals lead to torus density measure-
ments. Specifically, Equation 1.45 links these frequency residuals to the rate of
change of the column electron content (Parisi et al., 2018):
∆f = δfR,X − δfR,Ka
(
fD,X
fD,Ka
)
= (1.45)
e2
8pi2me0cfT,X
((
M2X,X + 1
)− ( fD,X
fD,Ka
)2 (
M2Ka,Ka + 1
)) d
dt
∫
Ndl
The first equality defines ∆f , which is called the differential Doppler shift. Here
∆f is the difference in frequency residuals, subscripts R and T refer to received and
transmitted, respectively, subscript X refers to X-band, subscript Ka refers to Ka-
band, c is the speed of light, t is time, l is distance along one leg of the two-way ray
path, −e is the electron charge, me is the electron mass, 0 is the permittivity of free
space, and N is the electron density. Note that the integral is performed over one leg
of the two-way ray path only, not both legs. It is assumed that the plasma contents
along the uplink and downlink ray paths are identical. The individual frequency
residuals are δfR,X and δfR,Ka. The ratio
fD,X
fD,Ka
is the ratio of the downlinked X-band
frequency to the downlinked Ka-band frequency, equal to 880
3360
(Asmar et al., 2017).
MX,X is the spacecraft turnaround ratio for X-band uplink to X -band downlink,
880
749
,
and MKa,Ka is the turnaround ratio for Ka-band uplink to Ka-band downlink,
3360
3599
(Asmar et al., 2017).
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Fig. 1.9: View of Juno’s trajectory perpendicular to the orbit plane. Figure from
Bolton et al. (2017).
1.4 The Juno mission
The only spacecraft currently operational at Jupiter is Juno. The Juno space-
craft was launched in August 2011 and arrived in a polar orbit around Jupiter on 4
July 2016. The nominal Juno mission lifetime was 37 orbits. Four of these orbits are
dedicated to spacecraft checkout and instrument commissioning, leaving 33 planned
science orbits (Witze, 2016; Connerney et al., 2016; Bolton et al., 2017). Opportuni-
ties to conduct radio occultation observations of the IPT occur once per orbit. Prior
to orbit insertion, Juno planned to conduct most of its mission in a 14-day orbit.
Due to anomalies encountered early in its orbital mission, the spacecraft remained
in a 53-day orbit (orbits shown in Figure 1.9).
The main findings of this thesis were not affected by the length of the orbital
period as long as Juno has a near-polar orbit with periapsis inside Io’s orbit, which
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is true at the time of writing and likely to remain true until the end of the mission.
The only significant effect of changes from the planned orbital period is in temporal
resolution. Measurements are taken once per orbital period, so every 53 days instead
of every 14 days.
A major goal of the Juno mission is to map Jupiter’s gravitational and mag-
netic fields (Connerney et al., 2017; Bolton and Connerney , 2017; Bolton et al.,
2017; Asmar et al., 2017; Bagenal et al., 2017a). Analysis of these observations will
improve understanding of the planet’s interior structure and the properties of the
magnetosphere out of the equatorial plane. The magnetic field investigation uses
data taken by Juno’s UV instrument (Bolton and Connerney , 2017; Bolton et al.,
2017; Gladstone et al., 2017), IR instrument (Bolton and Connerney , 2017; Bolton
et al., 2017; Adriani et al., 2017), particle instruments (Bolton and Connerney , 2017;
Bolton et al., 2017; Kurth et al., 2017; Mauk et al., 2017; McComas et al., 2017), and
magnetometer (Bolton and Connerney , 2017; Bolton et al., 2017; Connerney et al.,
2017). The gravity field is measured using radio science data (Bolton and Connerney ,
2017; Bolton et al., 2017; Folkner et al., 2017; Asmar et al., 2017)
The gravitational mapping requires continuous radio tracking from the Earth,
so the Juno orbit is designed such that Juno is never occulted by Jupiter itself. The
Juno project plans to conduct radio tracking on about 24 orbits (Tommei et al., 2015;
Asmar et al., 2017), which means that radio occultations may be feasible on those
24 orbits. With only two previous radio occultations of the IPT, the 24 possible
Juno occultations offer an order of magnitude increase in the number of observations
and unprecedented opportunities to explore spatial and temporal variability in the
IPT. This set of occultations will sample the full range of System III longitudes and
a range of positions relative to Io along its orbit, but only a narrow range of local
times. Due to the small angular separation of the Earth and the Sun as seen from
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Jupiter, all occultations will be near noon local time. This range of local times is a
sector not probed by ground-based observations which observe the dawn and dusk
sectors (Schneider and Trauger , 1995; Herbert et al., 2008; Schmidt et al., 2018).
1.5 Goals and outline
In the previous sections I have outlined Jupiter’s magnetosphere, the Io plasma
torus, radio occultations, and the Juno mission. The goals of this thesis are to
provide insight into the Io plasma torus variability and orientation. The overarching
question of the thesis is: How does the Io plasma torus vary and what effect does
this have on Jupiter’s magnetosphere? Specifically, this thesis will provide answers
to the following questions relating to the overarching question above.
1.5.1 1. Can Juno’s radio science instruments measure the properties
of the Io plasma torus?
Radio science experiments on Voyager and Ulysses were able to detect the
plasma in the Io plasma torus. Even though they could detect the Io plasma torus
these experiments were unable to determine properties of the Io plasma torus with
any certainty. The Voyager measurements were never fully analyzed and these mea-
surements cut through the equatorial plane and therefore did not provide a full probe
of the torus. On the other hand, the Ulysses measurement were complicated by the
spacecraft being beyond the far side of the torus during the occultation, so that
its radio signals passed through the Io plasma torus at two distinct longitudes. The
Juno spacecraft arrived in a polar orbit in July 2016. Even though radio occultations
were possible it was unknown whether a Juno radio occultation would be feasible and
what could be extracted from the data set due to the inability to extract meaningful
information from the previous measurements. In Chapter 2 I use simulations of the
Io torus to show that radio occultations would be possible with the Juno spacecraft
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and that these measurements would be scientifically useful. In Chapter 3 I use the
radio signals from the first Juno perijove to determine the Io plasma torus electron
content. I determine parameters of the torus and discuss these results in the context
of the years of observations before Juno.
1.5.2 2. How do the total electron content and scale height of distinct
torus regions vary with System III longitude?
Through the years many spacecraft have observed longitudinal and temporal
variations in the cold torus, ribbon, and warm torus regions of the Io plasma torus.
There has been some insight into this variability. Many data sets have shown vari-
ability in the outer torus density and temperature. Though many observations have
been taken, the interplay between the inner torus and outer torus has not been fully
developed. Chapter 4 shows the results from Perijoves 3, 6, and 8 which occur over
distinct System III longitudes.
1.5.3 3. Are distinct torus regions located at the centrifugal equator?
Schneider and Trauger (1995) found that models including the dipole field only
were not good enough to describe the locations of the centrifugal equator. The
found that it was necessary to include the higher order field models and a nominal
current sheet to match the ground-based data. Herbert et al. (2008) also found that
the ribbon appears to be offset from the cold torus location. In their work, the
cold torus was assumed to be in the centrifugal equator and the ribbon was out of
the centrifugal equator. Recent work by Schmidt et al. (2018) uses a larger data
set to get more insight into the ribbon location. Schmidt et al. (2018) use a large
set, 244 different observations, of the torus and show longitudinal variability similar
to those seen by Schneider and Trauger (1995) and Herbert et al. (2008). Radio
occultations can measure the vertical location of the inner and outer torus regions.
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These vertical locations can be used to measure offsets from predicted locations of the
regions. In Chapter 5 I use the VIP4 (Connerney et al., 1998) and the new JRM09
(Connerney et al., 2018) Jupiter magnetic field models to determine the locations of
the centrifugal equator at torus radial distances. From this I test the Schneider and
Trauger (1995) and Herbert et al. (2008) results by comparing what I found from the
Juno radio occultations.
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2
Feasibility of Juno radio occultations to
detect the Io plasma torus
A similar version of this chapter was published in the Journal of Geophysical
Research: Space Physics by Phipps and Withers (2017).
2.1 Introduction
As discussed in Section 1.2 in Chapter 1, the dispersal of plasma from the IPT
into the rest of the magnetosphere is the main process that provides plasma to other
regions of Jupiter’s magnetosphere. Therefore spatial and temporal variations in
the IPT can ultimately affect the distribution and dynamics of plasma throughout
Jupiter’s entire magnetosphere (Bonfond et al., 2012; Payan et al., 2014).
There are several different ways in which remote sensing and in situ observations
can measure conditions in the IPT. This thesis focuses on remote sensing observations
of the IPT by radio occultations. These observations can monitor temporal and
spatial variations in the density and temperature of the IPT.
As discussed in Chapter 1 radio occultation occurs when an object, here the
IPT, comes between the transmitter and receiver of a radio signal. Properties of the
radio signal are affected by the radio signal’s propagation through the plasma in the
torus. Refraction of the radio signal as it passes through the plasma of the IPT causes
a change in the frequency of the received signal due to the Doppler effect. The line-
of-sight integrated plasma density, also known as the total electron content (TEC),
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of the IPT can be determined from the measured shift in the received frequency (e.g.
Withers et al., 2014). The most suitable scenario for a radio occultation observation
of the IPT involves a spacecraft in a polar orbit around Jupiter with periapsis within
Io’s orbit. A polar orbit ensures that the line of sight between the spacecraft and the
Earth is approximately parallel to the torus equator and sweeps through the entire
cross-section of the IPT. A periapsis within Io’s orbit ensures that the line of sight
between the spacecraft and the Earth passes through the torus once, not twice, which
simplifies analysis. The Juno spacecraft’s orbit provides just such a periapsis making
it ideal for studying the Io plasma torus with radio occultations (see Chapter 1 for
more information).
The aims of this chapter are to evaluate the feasibility of measuring properties
of the IPT with radio occultations conducted by the Juno spacecraft, to estimate
the likely accuracy of such observations, and to assess the contributions that such
measurements could make towards key science questions concerning the IPT and
its role in Jupiter’s magnetosphere. This helps answer the first question posed in
this thesis, Can Juno radio science instruments measure properties of the Io plasma
torus?
Section 2.2 explores radio occultations of the IPT using a simple model. Sec-
tion 2.3 uses a more sophisticated model of the torus to determine the accuracy
with which key torus properties can be measured. Section 2.4 discusses how plasma
temperature and density can be obtained from the measured properties. Section
2.5 presents the conclusions of this chapter and how it provides an answer to the
overarching questions of this thesis.
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2.2 Initial estimate of frequency shifts
I wish to determine how accurately properties of the Io plasma torus can be
measured by radio occultation experiments. Before developing a sophisticated model
of the Io plasma torus and sources of noise, I first explore the influence of Io plasma
torus properties on observable quantities using a simple model.
2.2.1 Initial model of Io plasma torus
I assume that the electron density N can be represented by a single Gaussian
that depends on the distance s′ from the center of the torus, and that the center of
the torus lies in the plane of the centrifugal equator at a distance from Jupiter equal
to Io’s orbital distance of 5.9 RJ (Thomas , 1992; Thomas et al., 2004). Hence:
N (s′) = N (0) exp−
s′2
H2 (2.1)
where H is the scale height and N (0) is the density at the center of the torus. Typical
values for N (0) and H are 2000 cm−3 and 1 RJ , respectively (Thomas et al., 2004).
The critical quantity in Equation 1.43 is
∫
Ndl, the integral of the electron density
along the line of sight. I define TEC as a function of the radio signal’s distance of
closest approach to the center of the torus s, TEC (s). This satisfies (Que´merais
et al., 2006):
∫
Ndl = TEC (s) = 2
∫ ∞
s
N (s′) s′ds′√
s′2 − s2 (2.2)
where s’ is the distance from the center of the IPT to a point on the ray path. With
the density N given by Equation 2.1, TEC (s) is given by (Abramowitz and Stegun,
1972):
37
TEC (s) = N(0)
√
piH exp−
s2
H2 (2.3)
The maximum value of TEC (s) occurs at s = 0, where TEC = N(0)
√
piH. For
benchmark values N (0) = 2000 cm−3 and H = 1 RJ , the maximum value of the
TEC is 25.5 × 1016 m−2. This can be expressed as 25.5 TECU, where 1 TECU or
total electron content unit equals 1× 1016 m−2.
2.2.2 Characteristic frequency shifts
Combining Equations 1.43 and 2.3, the frequency shift ∆f satisfies:
∆f (s) =
e2
8pi2me0cfT,X
(
1−
(
fD,X
fD,Ka
)2)
d
dt
[
N (0)
√
piH exp−
s2
H2
]
. (2.4)
Since this was performed before Juno values were published I use 3344
880
for
fD,X
fD,Ka
which
comes from the Cassini mission values quoted in Kliore et al. (2004). Since the only
time-variable quantity in Equation 2.3 is the distance of closest approach s, Equation
2.4 becomes:
∆f (s) = − e
2
8pi2me0cfT,X
(
1−
(
fD,X
fD,Ka
)2)√
piN (0) exp−
s2
H2
(
2s
H
)
ds
dt
(2.5)
Here ds
dt
is the rate of change of the distance of closest approach s. Note that this
refers to the distance of closest approach of the line of sight between the spacecraft
and the Earth to the center of the IPT. It is therefore affected by the trajectory of
the spacecraft and the rotational motion of the IPT, not solely by the trajectory
of the spacecraft. For simplicity in this exploratory work, I assume that ds/dt is
constant during a radio occultation observation. However, this is a questionable
38
Juno motion
Juno
Jupiter
To the Earth ⨀
Io plasma torus
Io plasma torus
Fig. 2.1: Schematic showing the Juno spacecraft as viewed from the Earth for the
simple model.
assumption that would need to be revised in the analysis of real observations. First,
Juno’s speed during a radio occultation observation, which is essentially a periapsis
pass, changes appreciably due to the high eccentricity of Juno’s orbit. Second, since
the IPT is tilted with respect to Jupiter’s rotational axis, the center of the IPT
moves during a radio occultation observation. At Io’s orbital distance, the center
of the IPT moves up and down with a velocity of ± 9 kms−1 over Jupiter’s 9.925
hour rotational period. I assume that |ds/dt| is 20 km s−1, which is a representative
value for the spacecraft speed during a periapsis pass (based on the ephemeris tool
at www-pw.physics.uiowa.edu/∼jbg/juno.html). This is equivalent to a change in s
of one RJ in a time of one hour. I reconsider this issue at the end of Section 2.2.2.
Equation 2.5 provides an analytical description of the dependence of the mea-
surable frequency shift ∆f on the central density of the torus, N (0), the torus scale
height, H, and ds/dt, which can be interpreted as the projected speed of the space-
craft. A schematic of the orbit is shown in Figure 2.1. The value and location of the
maximum value of |∆f | can be found by setting the derivative of Equation 2.5 with
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respect to s to zero. The maximum value of |∆f |, |∆f |max, occurs at s2 = H2/2 and
satisfies:
|∆f |max =
e2
8pi2me0cfT,X
(
1−
(
fD,X
fD,Ka
)2)√
piN (0) e−
1
2
√
2
ds
dt
(2.6)
For N (0) = 2000 cm−3, H = 1 RJ , and |ds/dt| = 20 km s−1, the maximum value of
|∆f | is 0.9 mHz. This maximum occurs at s = 0.7RJ .
The top panel of Figure 2.2 shows how ∆f depends on s for several values of
N (0) and fixed H = 1 RJ and ds/dt = -20 km s
−1. I choose a range of values for
N (0) that covers the observed values in the torus. N (0) varies between 500 cm−3
and 2500 cm−3 (Bagenal and Sullivan, 1981; Bagenal et al., 1997). The middle panel
of Figure 2.2 shows how ∆f depends on s for several values of H and fixed N (0) =
2000 cm−3 and ds/dt = -20 km s−1. I choose a range of values for H that covers the
observed values in the torus. H varies between 0.5 RJ and 2.5 RJ (Thomas et al.,
2004). The bottom panel in Figure 2.2 shows how ∆f depends on s for several values
of |ds/dt| and fixed N (0) = 2000 cm−3 and H = 1 RJ . I choose a range of values
for |ds/dt| that increases from 20 km s−1 to 40 km s−1 in increments of 5 km s−1.
Figure 2.2 illustrates how the observed shift in frequency, ∆f , depends on N (0),
H, and ds/dt. ∆f is zero at the start of an occultation, when |s| is large. Its
magnitude increases monotonically to ∆fmax = 0.9 mHz at scrit = H/
√
2 , then
decreases monotonically through zero at s = 0. The behavior of ∆f in the second
half of the occultation is the same as in the first half, except for a change in sign.
The full width at half maximum of the local maximum in ∆f is approximately equal
to H.
The effects of variations in N (0) and ds/dt are straight-forward, since the fre-
quency shift ∆f is proportional to both factors. Spatial and temporal changes in
N (0) are likely over the course of the Juno mission, since the IPT is intrinsically
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Fig. 2.2: (top) Dependence of frequency shift on closest approach distance s for an
initial model of the torus. Different lines represent different values for N (0). (middle)
Dependence of frequency shift on closest approach distance s for an initial model of
the torus. Different lines represent different values for H. (bottom) Dependence
of frequency shift on closest approach distance s for an initial model of the torus.
Different lines represent different values for ds/dt. The quantities that are held fixed
in each panel are shown in the bottom left corners.
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variable, whereas ds/dt will not vary greatly from orbit to orbit. The effects of varia-
tions in H are more complex. As H increases, scrit increases. The width of the local
maximum in ∆f also increases, but the value of ∆fmax remains the same.
The timescale, τ , for the radio signal to sweep through the IPT satisfies
|ds/dt| τ = 2H. With |ds/dt| = 20 km s−1 and H = 1RJ , the timescale τ is ap-
proximately 2 hours.
An integration time on the order of 10 seconds provides spatial resolution on
the order of H/100. For this integration time, it can be assumed that the relative
accuracy with which fR,X and fR,Ka can be measured is 3 × 10−14. This is based
on the Allan deviation of the Deep Space Network (DSN) hydrogen masers over a
10 second integration (Howard et al., 1992; Asmar et al., 2005). With fR,X = 8.4
GHz and fR,Ka = 32.1 GHz (Mukai et al., 2012), the corresponding uncertainty in a
measurement of ∆f is 3.8× 10−4 Hz (Equation 1.43). This uncertainty in ∆f , σ∆f ,
is 40 percent of the characteristic value of 0.9 mHz discussed above.
The uncertainty in the inferred TEC, σTEC , follows from propagating the un-
certainty in ∆f through the integrated version of Equation 1.43. Assuming a simple
numerical integration method leads to:
σTEC =
√
Σ
(
e2
8pi2me0cfT,X
(
1−
(
fD,X
fD,Ka
)2))−1
σ∆f∆t (2.7)
where Σ is the number of data points integrated to reach the current measurement
and ∆t is the integration time for an individual measurement. Since Σ = t/∆t, where
t is the time since the start of the observation, I obtain:
( σTEC
1 TECU
)
= 0.5
√(
t
1 hr
)(
∆t
10 s
)
(2.8)
For N (0) = 2000 cm−3, H = 1 RJ , and |ds/dt| = 20 km s−1, ∆fmax = 0.9 mHz
and scrit = 0.7 RJ . If the integration starts at s = 4 RJ , then t at this local maximum
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is 3.3 hours from the start of the observation. Henceforth I adopt ∆t = 36 seconds
to provide a resolution of 0.01 RJ . This yields σTEC/ (1 TECU) = 0.92
√
t/ (1hr),
which gives σTEC = 1.68 TECU at the local maximum. In this example, σTEC/TEC
= 7% at the TEC maximum.
Several other potential sources of error must be considered. The effects of noise
at the transmitter and receiver on the simulated measurements of frequency shift
are accounted for by the stated Allan deviation. The effects of plasma in the rest of
Jupiter’s environment and the interplanetary medium can be accounted for in the
frequency baseline prior to and after the occultation of the IPT (e.g Thornton and
Border , 2000). The noise contribution due to the interplanetary medium depends
strongly on solar elongation angle. It should be noted that for most of the Juno
mission the solar elongation angle is relatively large and the associated noise is rela-
tively small (Woo and Armstrong , 1979; Asmar et al., 2005). Plasma in the regions of
Jupiter’s magnetosphere outside the IPT will also contribute to the measured TEC.
At the centrifugal equator, assuming a magnetospheric density 3 cm−3 and length
of 100 RJ (Bolton et al., 2015), this contribution is about 0.7 TECU, which is small
(3%) relative to the peak TEC of the IPT, 25.5 TECU.
Juno’s periapsis altitude is approximately 4000 km, which is within the iono-
sphere (Bagenal et al., 2017a). Hence plasma in Jupiter’s ionosphere may contribute
to the measured total electron content between the spacecraft and the Earth. The
ionospheric plasma density at this altitude is approximately 3 × 109 m−3 and the
ionospheric scale height is on the order of 1000 km (Eshleman et al., 1979b; Yelle
and Miller , 2004). This results in a vertical total electron content of 3 × 1015 m−2
or 0.3 TECU. The line of sight total electron content will be larger by a geometric
factor. This is a potentially significant perturbation to the inferred total electron
content of the IPT, especially if passage through the ionosphere occurs as the line of
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sight to the Earth passes through the centrifugal equator. However, the Juno Waves
instrument is capable of measuring the local plasma density at the spacecraft (Bage-
nal et al., 2017a). Using its measurements of the vertical structure of the topside
ionosphere, the contributions of Jupiter’s ionosphere to the inferred total electron
content of the IPT can be modeled and removed.
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Fig. 2.3: (top) Dependence of ds/dt on time when the spacecraft is moving at a
constant speed of 20 km s−1 and the Io plasma torus is moving with a sinusoidally-
varying speed that has a period of 9.925 hours and an amplitude of 9 km s−1. Different
lines show different phases for the motion of the Io plasma torus. The horizontal line
that corresponds to a fixed Io plasma torus is for reference. (bottom) Corresponding
dependence of distance of closest approach, s, on time. Line colors are as in the top
panel. The diagonal line that corresponds to a fixed Io plasma torus and constant
ds/dt is for reference.
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Since Io orbits Jupiter every 1.7 days, each occultation will measure IPT prop-
erties at a different angular separation from Io. A series of occultations over a range
of separations from Io will be valuable for assessing how plasma is transported away
from Io and into the IPT. It is possible, though unlikely, for an IPT occultation
to also probe Io’s ionosphere directly. In that event, the line-of-sight total electron
content would briefly increase by 0.1 TECU or 1 × 1015 m−2. This follows from a
surface ionospheric density of 6 × 103 cm−3 and a scale height of 100 km (Hinson
et al., 1998). I previously noted the flaws in the assumption that ds
dt
is constant.
There are two main consequences if ds
dt
is not constant. The first consequence is that
it becomes harder to determine the position s associated with a given time in the
measured time series of ∆f . Yet since the Juno trajectory and the location of the
centrifugal equator at Io’s orbital distance are known, the required mapping from
time to position is tractable.
The effects of the nodding up and down of the IPT are illustrated in Figure 2.3.
This shows how ds
dt
and s (t) change for different phasings of the motion of the IPT
relative to the time of the occultation. This is equivalent to occultations occurring at
different System III longitudes. From a fixed vantage point of noon local time in the
rotational equator, the IPT moves up and down sinusoidally with a period equal to
the planetary rotation period of 9.925 hours, at a distance of 5.89 RJ (for the peak
density), a distance magnitude of 0.7 RJ , and a speed magnitude of 9 km s
−1. Given
a constant spacecraft speed of 20 km s−1, which is itself a noteworthy simplification,
|ds/dt| varies between 10 and 30 km s−1. The variation in ds/dt with time leads
to the second consequence, which is that the numerical and graphical results based
on Equations 2.4 and 2.5 will no longer be perfectly accurate. Furthermore, note
that a constant time resolution in the measured received frequencies will no longer
correspond to a constant spatial resolution within the IPT.
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The only remaining potentially significant source of error is the Earth’s iono-
sphere, which is discussed in Section 2.2.3.
2.2.3 Initial model of the Earth’s ionosphere
Plasma densities are much greater in the Earth’s ionosphere than in Jupiter’s
magnetosphere or the interplanetary medium. Consequently, plasma in the Earth’s
ionosphere can make a significant contribution to the line-of-sight column density
despite the ionosphere’s limited vertical extent. If plasma densities in the Earth’s
ionosphere were constant along the line of sight over the duration of the occultation,
then they would have no effect on the rate of change of the column density and
would not affect the measured frequency shift. This is commonly the case for radio
occultation observations of planetary atmospheres and ionospheres, which last for
minutes, not hours. However, due to the large size of the IPT and the long duration
of an IPT occultation, conditions in the Earth’s ionosphere along the line of sight
from the ground station to the spacecraft may change appreciably over the course of
the occultation.
The vertical column density, or vertical total electron content (TEC), of the
Earth’s ionosphere varies with time of day, season, the solar cycle, and other factors
(Maruyama et al., 2004; Bagiya et al., 2009). At nighttime, it can be represented
by a constant value of 10 TECU from dusk until dawn. After dawn, it increases
smoothly to a peak value of ∼30 TECU at noon, then decreases smoothly to its
nighttime value by dusk. This peak TEC of the Earth’s ionosphere, 30 TECU, is
around 1.3 times the peak TEC of the IPT, 25.5 TECU. Moreover, line-of-sight TEC
values will be greater than vertical TEC values by a factor of sec(χ), where χ is the
zenith angle (Mendillo et al., 2004b).
Figure 2.4 illustrates how line-of-sight TEC through the Earth’s ionosphere and
the IPT varies with time of day for a line-of-sight 30 degrees away from the zenith
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Fig. 2.4: Modeled line of sight total electron content between spacecraft and ground-
based antenna during an occultation of the Io plasma torus as a function of local
time at the ground-based antenna. The contribution of the Io plasma torus can be
seen above the background contribution of the Earth’s ionosphere between 8 and 10
hours local time. The gray shaded region indicates the uncertainty in the measured
total electron content. The black dashed line represents the modeled ionospheric
TEC. The red dot-dashed line represents the linear fit to the background.
in which the radio signal passes through the center of the IPT at 9 hours local time.
The TEC is the sum of two components. The first component is from the Earth’s
dayside ionosphere. It is given by A + B cos [2pi (LT − 12hrs) / (24hrs)], where A
equals 10 TECU, B equals 20 TECU, and LT is local time. The second component
is from the IPT. It is given by C exp
[− (LT − 9hrs)2 / (1hr)2], where C equals 25.5
TECU and 1 hr equals 1 RJ/20 km s
−1 (Equation 2.3). I assume benchmark values
of N (0) = 2000 cm−3 and H = 1RJ for the IPT and a 36 second integration time.
Figure 2.4 also shows representative uncertainties in TEC. For conceptual simplicity,
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I neglect the variation in uncertainties with time that are defined by Equation 2.7 and
adopt instead a constant uncertainty of 2 TECU. This value comes from the average
of Equation 2.8 over the assumed duration of the occultation. The contributions
of the Earth’s ionosphere to the measured line-of-sight TEC must be subtracted
before properties of the IPT can be determined from the observations. I consider
two methods for doing so.
First, I do a linear fit to the simulated measurements of TEC at 6–8 and 10–
12 hours, then subtract this fit from the simulated measurements of TEC at 7–11
hours. The fit is shown as a red dot-dashed line in Figure 2.4. The residual TEC,
which is shown in the top panel of Figure 2.5, is the inferred contribution from
the IPT. This linear fitting method provides a baseline for the contributions of the
Earth’s ionosphere. As can be seen in the top panel of Figure 2.5, this method
gives torus TEC values that are ∼ 1–2 TECU higher than the input torus TEC
values from 7–11 hours. Although the corrected simulated measurements of torus
TEC values are larger than the input torus TEC values, the difference is less than
the measurement uncertainty of 2 TECU. Following Equation 2.3, I fit the corrected
simulated measurements of torus TEC values to a function of the form of TEC (s) =
TEC (0) e−
s2
H2 . The fitted peak TEC value is 27.21±0.06 TECU and the fitted scale
height, H, is 1.002±0.002 RJ . This peak TEC is 1.71 TECU larger than the input
value of 25.5 TECU. Thus the fitted TEC value is 28 σ away from the input TEC
value, but the difference is only 7% of the peak TEC. The fitted scale height is
0.002 RJ larger than the input value of H. The fitted scale height is 1 σ away from
the input scale height, but the difference is only 1% of the scale height. The fitted
peak TEC value and scale height imply a central density N (0) of 2127.13 ± 6.33
cm−3. This inferred central density is 127.13 cm−3 larger than the input value of 2000
cm−3. The fitted central density value is 20 σ away from the input central density
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Fig. 2.5: (top) The dashed line shows the difference between the total electron
content measurements from Figure 2.4 and a linear fit to background values either
side of the occultation. (bottom) The dashed line shows the difference between the
total electron content measurements from Figure 2.4 and independent measurements
of the total electron content in the Earth’s ionosphere. The differences shown in
these panels are the inferred total electron contents of the Io plasma torus. The gray
shaded regions show the uncertainties on the inferred total electron content of the
Io plasma torus and the red triangles show the input total electron content of the Io
plasma torus.
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value, but the difference is only 6% of the density. I conclude that this method is
reasonable for subtracting the effects of the Earth’s ionosphere as the errors in the
fitted IPT properties are less than 10%. Yet it provides a poor characterization of
the uncertainty in the fitted properties.
Second, I subtract modeled direct measurements of the contributions of the
Earth’s ionosphere from the simulated measurements of line-of-sight TEC. The iono-
spheric contribution is shown as a dashed black line in bottom of Figure 2.4. Here I
assume the Earth’s ionospheric TEC follows the equation stated above for the day-
side ionosphere, but that it is measured imperfectly. GPS receivers at the NASA
Deep Space Network (DSN) stations measure the TEC in the Earth’s ionosphere.
The TEC in the Earth’s ionosphere along the line of sight from the ground station
to the spacecraft is routinely reported. I subtract the contributions of the Earth’s
ionosphere, which I assume to be known with an accuracy of 5 TECU (Thornton and
Border , 2000) from the simulated measurements of TEC, which as before I assume
to be known with an accuracy of 2 TECU. The residual TEC, which is shown in
the bottom panel of Figure 2.5, is the inferred contribution from the IPT. With this
method, the corrected simulated measurements of TEC values match the input values
well, whereas the values obtained with the first method were biased to larger values.
However, the measurement uncertainties are larger and thus the formal uncertainties
on fitted parameters are also larger. I fit the corrected simulated measurements of
TEC values as above. The fitted peak TEC value is 25.5±0.1 TECU, whereas the
input value is 25.5 TECU. The difference between fitted and input peak TEC values
is <1 σ. The fitted scale height, H, is 1.005±0.007 RJ , whereas the input value
is 1 RJ . The difference between fitted and input scale heights is <1 σ. The fitted
peak TEC value and scale height imply a central density, N (0), of 1994.18 ± 14.24
cm−3, whereas the input central density is 2000 cm−3. The difference between fitted
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and input central densities is <1 σ. I conclude that this method is preferable. It
accurately characterizes the fitted parameters. Furthermore the formal uncertainties
are consistent with differences between fitted values and input values.
Having established the principle that the IPT can be observed using radio occul-
tations despite the effects of the Earth’s ionosphere, I neglect the Earth’s ionosphere
in the remainder of this chapter. More precisely, I assume that the observations
occur during the nighttime such that the vertical TEC in the Earth’s ionosphere is
relatively constant. The contribution of the Earth’s ionosphere to the line-of-sight
TEC can be found using either pre- or post-occultation observations, then subtracted
from the TEC measurements.
2.3 Sophisticated model of Io plasma torus
Representing plasma densities in the IPT by a single Gaussian function is con-
venient and has been useful for testing the effects of changes in plasma and spacecraft
parameters and effects of the the Earth’s ionosphere, but this representation over-
simplifies the true density distribution in the IPT.
As discussed in Section 1.2, the IPT is conventionally divided into three regions:
cold torus, ribbon, and warm torus. These three regions have distinct compositions,
temperatures, and densities. To better understand temporal and spatial changes
in the torus, it is desirable to measure densities in each of its constituent regions. I
therefore replace the single Gaussian function of Section 2.2 with a more sophisticated
function that includes contributions for each region.
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2.3.1 Density distribution
I now represent the IPT by four functions, one each for the cold torus and
ribbon, and two for the warm torus. In the plane of the centrifugal equator, densities
satisfy:
N(R < 6.1RJ) = N1e
− (R−C1)2
(W1)
2 +N2e
− (R−C2)2
(W2)
2 +N3e
− (R−C3)2
(W3)
2 (2.9)
N(R > 6.1RJ) = N4e
− (R−C4)2
(W4)
2 (2.10)
where R is distance away from the center of Jupiter in the equatorial plane. Equa-
tion 2.9 contains three terms that represent the three regions of the torus: 1. cold
torus, 2. ribbon, and 3. warm torus. N1, N2, and N3 correspond to the peak densi-
ties of the cold torus, ribbon, and warm torus components, respectively. C1, C2, and
C3 are the central locations of the cold torus, ribbon, and warm torus components,
respectively. W1, W2, and W3 are the radial widths, in RJ , of the cold torus, ribbon,
and warm torus components, respectively. Note that the total density at R = C1,
say, is the sum of the three terms. It is not simply N1.
The warm torus is not well-represented by a single term, which is why Equa-
tion 2.9 only applies at R < 6.1RJ . At larger radial distances, the plasma density is
given by Equation 2.10. I label this region as the extended torus. It has peak density
N4, central location C4, and radial width W4.
In order to extend this model beyond the plane of the centrifugal equator, I
multiply each term in Equations 2.9–2.10 by factor of e−
r2
H2 where r is distance away
from the plane of the centrifugal equator. Therefore N (R, r) satisfies:
N(R < 6.1RJ , r) = N1e
− (R−C1)2
(W1)
2 e
− r2
H21 +N2e
− (R−C2)2
(W2)
2 e
− r2
H22 +N3e
− (R−C3)2
(W3)
2 e
− r2
H23 (2.11)
N(R > 6.1RJ , r) = N4e
− (R−C4)2
(W4)
2 e
− r2
H23 (2.12)
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Fig. 2.6: Schematic of the sophisticated model of the Io plasma torus and the
geometry of an occultation. The electron density in the Io plasma torus is a function
of the position coordinates r and R. (top) View from the dawn side of Jupiter with
the the Earth to the right. The arrow beside Juno shows the spacecraft’s direction
of motion. (bottom) View looking down on the north pole of Jupiter with the Earth
to the right. Here the Juno spacecraft is moving into the page.
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Fig. 2.7: (top) Red symbols show electron densities in the plane of the centrifugal
equator as a function of distance from Jupiter for the sophisticated model of the Io
plasma torus. The innermost peak corresponds to the cold torus, the intermediate
peak to the ribbon, and the outermost peak to the warm torus. The abrupt change
in gradient at 6.1 RJ corresponds to the transition from the warm torus to the
more distant extended torus. The blue points show Voyager 1 data from Bagenal
and Sullivan (1981). (bottom) Colors indicate electron densities in the sophisticated
model of the Io plasma torus. The red disk indicates Jupiter and the black triangles
mark the position at one hour intervals of Juno, simulated by the University of Iowa
ephemeris tool (www-pw.physics.uiowa.edu/∼jbg/juno.html).
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Table 2.1: Input parameters for Io plasma torus model. The central density, peak
location, and width of the regions are derived from Figure 6 of Bagenal and Sullivan
(1981). The scale heights are derived from Figure 12 of Bagenal and Sullivan (1981).
Observations from the Galileo and Cassini spacecraft suggest that the ribbon position
changes over time, but in general the center is thought to be located between 5.5 and
5.9 RJ (Thomas et al., 2004).
Region Central Density Scale Height Peak Location Width
[cm−3] [RJ ] [RJ ] [RJ ]
Cold Torus 1710 0.1 5.23 0.20
Ribbon 2180 0.6 5.60 0.08
Warm Torus 2160 1.0 5.89 0.32
Extended Torus 1601 1.0 5.53 1.88
H1, H2, H3, and H3 are the scale heights of the cold torus, ribbon, warm torus, and
extended torus components, respectively. Note that the warm torus and extended
torus have the same scale height, H3.
The functional form represented by Equations 2.9–2.10 was adopted in order to
reproduce the radial density distribution for the centrifugal equator shown in Figure
6 of Bagenal and Sullivan (1981). Numerical values of the corresponding model
parameters, which were determined by a fit to the data shown in that figure, are given
in Table 2.1. Numerical values of the model scale heights, which were determined
from Figure 12 in Bagenal and Sullivan (1981), are given in Table 2.1. A schematic
of the model IPT and the occultation geometry is shown in Figure 2.6. The modeled
electron densities are shown in Figure 2.7. Figure 2.7 also demonstrates that this
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model provides a good representation of the density observations in the centrifugal
equator reported in Figure 6 of Bagenal and Sullivan (1981).
2.3.2 Simulated Juno radio occultation
To simulate a radio occultation through this representation of the IPT, I as-
sume that the line of sight from Juno to the Earth is parallel to the centrifugal
equator. I assume that the spacecraft velocity in the direction normal to the cen-
trifugal equatorial plane is -20 km s−1, assume that nodding motion of the IPT due
to Jupiter’s rapid rotation can be neglected, and use an integration time of 36 sec-
onds, which corresponds to a sampling rate of 0.03 Hz. Figure 2.8 shows the TEC
and its rate of change. Figure 2.9 shows the corresponding noise-free frequency shift
∆f (Equation 1.43) and the noisy frequency shift ∆f . Following Section 2.2, for
relative measurement uncertainties of 3 × 10−14 on fR,X and fR,Ka, the uncertainty
in a single measurement of ∆f is 3.8 × 10−4 Hz. The uncertainties are added to
the frequency shifts pulling from a random normal distribution with mean zero and
standard deviation of 3.8× 10−4 Hz.
The simulated measurements of TEC were found by integration of the frequency
shift ∆f using Equation 1.43. Uncertainties in the TEC were derived from the uncer-
tainty in ∆f by repeated application of the standard error propagation formula. The
top panel of Figure 2.10 shows the simulated measurements of TEC, corresponding
uncertainties, and the input TEC. The bottom panel shows the difference between
simulated measurements of TEC and the input TEC.
It is noticeable that the relative uncertainties on the TEC (Figure 2.10) are much
less than those on the frequency shift (Figure 2.9) from which TEC was derived. This
is an example of integration reducing the importance of random noise.
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Fig. 2.8: (top) Total electron content from the model shown in Figure 2.7 as function
of time. At the start time, the spacecraft is approximately 4 RJ above the plane of
the centrifugal equator. The subtle changes in the slope of the curve between 4 and 6
hours are signatures of the cold torus and ribbon. (bottom) Numerically calculated
rate of change of the total electron content shown in the top panel.
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Fig. 2.9: (top) Noise-free frequency shift calculated using Equation 1.43 and the
rate of change of total electron content shown in the bottom panel of Figure 2.8 as
function of time. (bottom) Same as top panel, but with noise added to the received
frequencies.
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Fig. 2.10: (top) The black points show the total electron content found by integrating
the frequency shift in the bottom panel of Figure 2.9. The red shaded region is the
uncertainty in the values. The gray triangles show the input total electron content
values from the top panel of Figure 2.8. The blue line marks the location of zero.
(bottom) The black symbols show the residuals between the simulated and the input
total electron content. The gray shaded region marks the uncertainty in the residuals.
The green line marks the location of zero.
2.3.3 Fitted Io plasma torus parameters and their accuracy
Section 2.2 explored the accuracy with which a central density and scale height
could be fit to simulated TEC observations. However, this used a simple single
Gaussian model of the IPT. Here I fit the simulated TEC measurements from Section
2.3 to a model that includes multiple Gaussian contributions in order to determine
the accuracy with which the central density and scale height of the cold torus, ribbon,
and warm torus can be measured.
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For clarity in this initial exploration of this topic, I assume that the radio
occultation is observed at nighttime. During the night, the TEC of the Earth’s
ionosphere is relatively constant. A constant TEC will have no effect on the measured
frequency shift (Equation 1.43). Consequently I neglect the effects of the Earth’s
ionosphere and fit the simulated TEC observations shown in Figure 2.10.
Since the line-of-sight between the spacecraft and the Earth is assumed to be
parallel to the plane of the centrifugal equator, each radio ray path has a constant
value of r. The model TEC along the ray path with closest approach distance r is
derived in Appendix 2.A. It satisfies:
TEC (r) =
√
piN1W1e
− r2
H21 + (2.13)
√
piN2W2e
− r2
H22 +√
pi
2
[
N3W3
(
1 +
(6.1RJ − C3)
W3
)
+N4W4
(
1− (6.1RJ − C4)
W4
)]
e
− r2
H23
Due to their different scale heights, the three regions of the IPT each make
distinct and potentially separable contributions to the overall TEC. I therefore fit
the simulated TEC observations to a function of the form:
TEC(r) = Ae−
r2
B2 + Ce−
r2
D2 + Ee−
r2
F2 (2.14)
The parameters A, C, and E corresponds to the peak or equatorial TEC for each of
the regions and the parameters B, D, and F correspond to the scale heights of the
cold torus (H1), ribbon (H2), and warm torus (H3), respectively.
I fit this equation to the simulated TEC observations shown in Figure 2.11 using
a Markov Chain Monte Carlo (MCMC) method. This is implemented using the
Python module emcee, which is an open source MCMC ensemble sampler developed
by Foreman-Mackey et al. (2013).
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Fig. 2.11: (top) The black points show the total electron content found by integrating
the frequency shift in the bottom panel of Figure 2.9. The red shaded region is the
uncertainty in the values. The gray squares show the MCMC fit to the integrated
total electron content. The blue line marks the location of zero. (bottom) The blue
plus signs show the residual between the fit and the simulated total electron content.
The gray shaded region marks the uncertainty in the residuals. The green line marks
the location of zero.
Figure 2.11 shows the simulated measurements and fitted TEC, as well as the
residuals between the simulated measurements and the fit. Table 2.2 shows the best
fit parameters for each region compared to the input values. Two of the three fitted
peak electron content values are within 1 σ of their input values, and the other is
within 2 σ, which demonstrates that they are reliable. All three fitted scale heights
are within 10% and 1 σ of their input values.
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Table 2.2: Best fit parameters from the MCMC fit to the simulated TEC data.
Parameter Region Fit Value Input Value
Central TEC [1016 m−2] Cold Torus 4.67+0.32−0.20 4.29
Ribbon 3.98+0.25−0.21 3.79
Warm Torus 17.06+0.79−0.83 17.17
Scale Height [RJ ] Cold Torus 0.11
+0.01
−0.01 0.10
Ribbon 0.65+0.03−0.05 0.60
Warm Torus 0.98+0.06−0.05 1.0
Reduced Chi-Squared 1.004
2.4 Discussion
The preceding sections showed how radio signals from the Juno spacecraft could
be used to measure TEC profiles for the IPT, that uncertainties on measured TEC
are relatively small, and that a fit to the measured TEC can determine the scale
height and peak TEC for each of the three regions of IPT (cold torus, ribbon, and
warm torus).
Ion temperatures can be derived from scale heights via Equation 1.27. I assume
that S+ dominate in the cold torus, O+ dominates in the ribbon, and S2+ and O+
dominate in the warm torus such that the mean molecular mass is 24 daltons (Thomas
et al., 2004). I use the best fit parameters and uncertainties reported in Table 2.2 to
find ion temperatures of 0.957+0.173−0.173 eV for the cold torus, 16.7
+1.58
−2.47 eV for the ribbon
and 56.9+6.05−5.51 eV for the warm torus. For reference, the ion temperatures reported by
Thomas et al. (2004) and discussed in Section 1.2 are 1–4 eV for the cold torus, 10–30
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eV for the ribbon, and ≈60 eV for the warm torus. Hence the fitted ion temperatures
are reasonable for the cold torus, ribbon, and the warm torus.
The peak or equatorial TEC of each region can be determined by fitting Equa-
tion 2.14 to the observed TEC (r). For the cold torus and ribbon, peak TEC equals
√
piNiWi, where Ni is the maximum density in region i and Wi is the width of re-
gion i. For the warm torus and its extension beyond 6.1 RJ , peak TEC is more
complicated (Equation 2.13). Nevertheless, it can be considered as the product of
a maximum density and an effective width. If the width of a region is known from
independent measurements or models of the IPT, then the maximum density for that
region can be found from the observed peak TEC. As noted by Bird et al. (1992),
the electron density in a region cannot be accurately determined from an observed
peak TEC without independent knowledge of the width and central peak location of
that region.
The analysis described in this chapter assumes that the line of sight from Juno
to the Earth is parallel to the plane of the centrifugal equator. If that is not the
case, then the measured TEC values would correspond to cuts through the torus at
the angle between the line of sight and the centrifugal equator. This is equivalent to
the IPT being tilted. A tilted torus can be accounted for by a suitable adjustment
of the assumed Gaussian profile, as in the model by Divine and Garrett (1983).
2.5 Concluding Remarks
When the line of sight between Juno and the Earth passes through the Io
plasma torus, which occurs once per orbit, radio signals from the Juno spacecraft
can be used to measure total electron content profiles for the Io plasma torus. I
develop a model of densities in the Io plasma torus using values measured by the
Voyager 1 spacecraft and reported in Bagenal and Sullivan (1981), then use it to
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simulate a dual-frequency radio occultation performed using the telecommunication
subsystem on the Juno spacecraft. Using the modeled densities I calculate the total
electron content by integrating along a line of sight parallel to the torus equator.
From the total electron content I are able to derive the frequency shift that would
be measured by the Deep Space Network receiving stations. This is then used with
error introduced equal to the Allan deviation corresponding to an integration time
on the order of 10s to determine a simulated profile of the measured total electron
content.
Uncertainties in the measured total electron content are relatively small (∼10%).
A Markov chain Monte Carlo fit to the measured total electron content can determine
the scale height and peak total electron content for each of the three regions of the
Io plasma torus (cold torus, ribbon, and warm torus). The ion temperature in each
region can be determined from the scale height assuming independent knowledge of
the ion composition. The peak total electron content in each region is proportional to
the product of the peak local electron density and the region’s width in the equatorial
plane. However, without independent knowledge of one of these two factors, the other
cannot be determined directly. Numerical modeling of the Io plasma torus may be
useful in narrowing the range of possible peak local electron densities and widths.
The question I posed at the beginning of this chapter was, “Can Juno radio
science instruments measure properties of the Io plasma torus?” The answer, Juno
radio science instruments can be used to measure the the total electron content and
scale height of the Io plasma torus with 10 percent uncertainties. These scale height
and total electron content can be used to determine parallel ion temperature and
electron volume density, respectively.
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2.A Appendix: Total electron content derivation
Since the line-of-sight between the spacecraft and the Earth is assumed to be
parallel to the plane of the centrifugal equator, each radio ray path has a constant
value of r. The total electron content along the ray path with closest approach
distance r, TEC (r), satisfies:
TEC (r) = N1W1
√
pi
2
(
erf
[
C1
W1
]
+ erf
[
(6.1RJ − C1)
W1
])
e
− r2
H21 + (2.15)
N2W2
√
pi
2
(
erf
[
C2
W2
]
+ erf
[
(6.1RJ − C2)
W2
])
e
− r2
H22 +
N3W3
√
pi
2
(
erf
[
C3
W3
]
+ erf
[
(6.1RJ − C3)
W3
])
e
− r2
H23 +
N4W4
√
pi
2
(
erf
[
C4
W4
]
− erf
[
(6.1RJ − C4)
W4
])
e
− r2
H23
where erf (x) is the error function. For all plausible conditions, C1/W1, C2/W2,
C3/W3, and C4/W4 are much greater than one. Since erf (x 1) = 1, Equation 2.15
becomes:
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TEC (r) = N1W1
√
pi
2
(
1 + erf
[
(6.1RJ − C1)
W1
])
e
− r2
H21 + (2.16)
N2W2
√
pi
2
(
1 + erf
[
(6.1RJ − C2)
W2
])
e
− r2
H22 +
N3W3
√
pi
2
(
1 + erf
[
(6.1RJ − C3)
W3
])
e
− r2
H23 +
N4W4
√
pi
2
(
1− erf
[
(6.1RJ − C4)
W4
])
e
− r2
H23
Furthermore, (6.1RJ − C1) /W1 and (6.1RJ − C2) /W2 can also be expected to
be greater than one, which gives:
TEC (r) =
√
piN1W1e
− r2
H21 + (2.17)
√
piN2W2e
− r2
H22 +
N3W3
√
pi
2
(
1 + erf
[
(6.1RJ − C3)
W3
])
e
− r2
H23 +
(2.18)
N4W4
√
pi
2
(
1− erf
[
(6.1RJ − C4)
W4
])
e
− r2
H23
In the model, (6.1RJ − C3) /W3 = 0.66 and (6.1RJ − C4) /W4 = 0.30. The er-
ror function erf (x) increases from 0 at x = 0 to 1 at x 1. It can be approximated
as erf (x) = x for x < 1 and erf (x) = 1 for x > 1. The error in this approxima-
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tion is less than 0.15 for all x. I therefore assume that (6.1RJ − C3) /W3 < 1 and
(6.1RJ − C4) /W4 < 1, which leads to:
TEC (r) =
√
piN1W1e
− r2
H21 +
√
piN2W2e
− r2
H22 + (2.19)
√
pi
2
[
N3W3
(
1 +
(6.1RJ − C3)
W3
)
+N4W4
(
1− (6.1RJ − C4)
W4
)]
e
− r2
H23
Expanding the term in square brackets further does not provide additional in-
sight.
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3
Distribution of plasma in the Io plasma
torus as seen by radio occultation during
Juno Perijove 1
A similar version of this chapter was published in the Journal of Geophysical
Research: Space Physics by Phipps et al. (2018).
3.1 Introduction
During each Juno perijove pass, radio signals between the spacecraft and the
Earth propagate through Jupiter’s magnetosphere and the Io plasma torus (see Chap-
ter 1 for a review of Jupiter’s magnetosphere and Juno).
Juno is the first spacecraft whose orbit permits it to conduct radio occulta-
tions of the Io plasma torus that sample only a single longitude sector. The Voyager
1 radio occultation measurements were complicated by the spacecraft being within
the torus during the occultation. The Ulysses radio occultation measurements were
complicated by the spacecraft being beyond the far side of the torus during the oc-
cultation, so that its radio signals passed through the Io plasma torus at two distinct
longitudes. By contrast, Juno radio signals during an occultation pass through one
longitude sector only and the spacecraft never travels through the torus.
The theoretical study in Chapter 2 showed that plasma in Jupiter’s magneto-
sphere, predominantly the IPT, would affect received frequencies of Juno’s X and
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Ka-band radio signals (Mukai et al., 2012; Asmar et al., 2017; Folkner et al., 2017).
Chapter 2 predicted that a profile of the TEC of the IPT could be derived from Juno
radio occultation observations. Chapter 2 also showed that the cold torus could be
identified in a Juno TEC profile, despite being a significantly smaller contributor
than the warm torus, due to substantial differences between the scale heights of the
regions. Detection of the cold torus in the TEC profile would determine the location
of the cold torus, which Bagenal (1994) found to be dependent on the higher-order
moments of the magnetic field.
The aim of this chapter is to determine and interpret the IPT TEC profile
from the radio occultation observation during Juno Perijove 1 (PJ1). This provides
confirmation to the answer to the question from Chapter 2, Can Juno radio science
instruments measure properties of the Io plasma torus?
In this chapter, I discuss the Juno data in Section 3.2, the TEC measured on
PJ1 in Section 3.2.1, a comparison between model and data in Section 3.3, a fit to
the data to extract parameters in Section 3.4, a discussion of comparison in Section
3.5, and a summary of the chapter in Section 3.6.
3.2 Juno Perijove One Observations
Juno perijoves occur every ∼53 days. The radio science data for this paper were
acquired during Juno PJ1, which occurred on 27 August 2016 at 12:52 Barycentric
Dynamical Time (13:44 UTC Earth Received Time). The spacecraft was occulted
by the IPT for approximately two hours around perijove. During PJ1, the Jupiter-
Sun angular separation was 22.6 degrees as seen from the Earth. During PJ1, a
NASA Deep Space Network (DSN) tracking station (DSS 55, a 34m antenna at
the Madrid Deep Space Communications Complex) transmitted an X-band radio
signal to the spacecraft. The local time at this antenna (Central European Summer
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Fig. 3.1: Illustration of the geometry of the PJ1 occultation of the Io plasma torus.
Centrifugal cylindrical coordinates are used such that the vertical axis shows distance
above the plane of the centrifugal equator and the horizontal axis shows distance in
the plane of the centrifugal equator. The red disk at the origin shows Jupiter. Black
triangles show the position of Juno at 1000 second intervals. The apparent reversal
of Juno’s motion at ±2 RJ above the centrifugal equator is not real; it is an artifact
of the chosen coordinate system. Red dashed lines show lines-of-sight from Juno to
the Earth at the same intervals. The shaded contours show Io plasma torus electron
densities Model B.
Time) was 14:44 at the time of PJ1. This radio signal was received and coherently
re-transmitted by the spacecraft at X and Ka-band (the radio science system is
discussed in Asmar et al. (2017)). Upon receipt at the Earth, these radio signals
were analyzed in support of Juno gravity science objectives (Folkner et al., 2017).
The differential Doppler shift of the received radio signals (defined in Equation 3.2)
was used by Folkner et al. (2017) to characterize the contribution of plasma to noise
in the gravity science results. Chapter 2 showed that this differential Doppler shift
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could also be used as a diagnostic of plasma densities in the IPT. Here I analyze the
time series of received X and Ka-band frequencies, which are archived on the NASA
Planetary Data System (Buccino, 2016).
The reconstructed orbit of the spacecraft around perijove is shown in Figure 3.1.
A centrifugal cylindrical polar coordinate system is used with the origin at the center
of mass of Jupiter. It is constructed so that a two-dimensional view in this coordinate
system provides a useful representation of the positions of Io, the IPT, Jupiter, Juno,
and the Earth. The centrifugal reference frame’s z-axis is aligned perpendicular to
the nominal equatorial plane of the IPT. As discussed in Section 1.2.4, this axis is
two-thirds of the way from the rotational pole to the magnetic pole, giving a tilt of
approximately 6.3 degrees relative to the rotational pole. In the standard “System
III” representation of Jupiter’s rotational reference frame, which is a left handed
reference frame, this axis has a longitude of 200.8 degrees (Connerney et al., 1998;
Bagenal et al., 2017a). The x-axis is fixed to the intersection of the geographic and
magnetic equators, and is situated at a System III longitude of 290.8 degrees. The
y-axis completes the basis of the right-handed system. Note that, due to the usage of
a cylindrical polar coordinate system for interpretation of observations, subsequent
uses of “radial distance” should be interpreted as the length of the cylindrical radial
coordinate. That is, distance from the z-axis of the frame, rather than distance from
the origin. This frame is based on the VIP4 frame (Connerney et al., 1998; Bagenal
et al., 2017a) with the torus tilt of 6.3 degrees substituted for the magnetic dipole
tilt of 9.5 degrees.
Note that the tilt of the centrifugal equator is based upon a dipole approximation
of the magnetic field, specifically the dipole longitude and tilt from VIP4 (Connerney
et al., 1998; Bagenal et al., 2017a). Therefore this frame ignores possible effects of
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the higher moments of the magnetic field and any other magnetospheric processes
on the centrifugal equator.
3.2.1 Perijove one total electron content
3.2.2 Total electron content from frequency observables
Conversion from the received frequency data to TEC values uses the following
equation from Chapter 1:
∆f = fR,X − fR,Ka
(
fD,X
fD,Ka
)
= (3.1)
e2
8pi2me0cfT,X
(
1−
(
fD,X
fD,Ka
)2)
d
dt
∫
Ndl.
The first equality defines ∆f , the “differential Doppler shift”. Here f is frequency,
subscripts R and T refer to received and transmitted, respectively, subscript X refers
to X-band, subscript Ka refers to Ka-band, c is the speed of light, t is time, l is dis-
tance along the ray path, −e is the electron charge, me is the electron mass, 0 is
the permittivity of free space, N is the electron density, and
fD,X
fD,Ka
is the ratio of
downlinked X-band frequency to the downlinked Ka-band frequency. In the coher-
ent dual-frequency mode used in PJ1, this ratio is a fixed value of 880
3360
, or 11/42
(Mukai et al., 2012; Asmar et al., 2017). However, this expression neglects the spin
of the spacecraft (∼2 revolutions per minute (Bolton et al., 2017)). As described for
Ulysses by Bird et al. (1993), to include the effects of spacecraft spin, the quantity(
1−
(
fD,X
fD,Ka
))
fspin, which equals 0.0246 HZ, must be subtracted from ∆f in Equa-
tion 3.2. The corrected time series of differential Doppler shift is shown in Figure 3.2
at 10 second resolution. Note that the time resolution of 10 seconds is similar to the
36 seconds assumed by Chapter 2. The noise in the observations at 10 seconds time
resolution (1.1×10−3 Hz) is ∼ 3 times larger than predicted in Chapter 2 (3.8×10−4
Hz). This difference is due to the solar wind and other noise sources neglected in
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Chapter 2, which considered only the frequency stability of the DSN. The Earth’s
troposphere was determined to be the dominant noise source during PJ1 (Folkner
et al., 2017).
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Fig. 3.2: Differential Doppler shift from the X-band and Ka-band frequencies re-
ceived at the DSN station. The black line shows the data at 10 second integration.
The red dashed line shows the data at a longer integration time of 100 seconds
to highlight the effects of the torus at around 13–15 hrs. The horizontal blue line
indicates the location of zero.
I integrate Equation 3.2 with respect to time to find
∫
Ndl, which is the total
electron content (TEC) along the Juno-Earth line of sight, as a function of time.
The initial condition for TEC was chosen for consistency with the TEC contributed
by the Earth’s ionosphere at this time (Section 3.2.3). Results are shown in Figure
3.3 (left panel). The IPT is clearly visible as an increase in TEC of about 35× 1016
m−2 above background between 13 and 15 hours Earth Received Time. However,
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significant contributions from various background sources of plasma are also visible.
These non-IPT contributions must be characterized and removed.
The uncertainty on the data, σTEC , is given by (from Chapter 2)
( σTEC
1 TECU
)
= 1275
σ∆f
1 Hz
√(
t
1 hr
)(
∆t
10 s
)
. (3.2)
Where one total electron content unit (TECU) equals 1016 el/m2 (Mendillo et al.,
2004b), t is time since the start of the integration, and ∆t is the time resolution (10
seconds). This equation defines the uncertainty on the uncalibrated data (gray region
in left panel of Figure 3.3). The standard deviation of ∆f at 10 second integration
time at periods outside the window affected by the IPT (before 13 hours and after
15 hours Earth Received Time) is 1.1 × 10−3 Hz. I adopt this value as σ∆f , the
uncertainty in ∆f .
3.2.3 Background calibration
The background TEC apparent in Figure 3.3 comes from different areas of the
space environment. Two main contributions are the Earth’s ionosphere and the solar
wind plasma in interplanetary space. These contributions are discussed in detail in
Appendix 3.A.
The TEC contribution from the Earth’s ionosphere along the line-of-sight be-
tween the ground station and the spacecraft is determined using GPS sensors at the
ground station. These continuously measure the TEC between the ground station
and GPS satellites in Earth orbit. A time series model of the line-of-sight TEC of
the Earth’s ionosphere has been developed from these observations. This is provided
in .ION ancillary files that accompany the archived frequency measurements in the
Planetary Data System. These files provide the line-of-sight range delay, RD, in
units of meters at a reference S-band frequency of 2.295 GHz, from which TEC can
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be calculated (Machuzak , 2008). For the duration of PJ1, the range delay RD in
units of meters is represented in the appropriate ancillary file as:
RD = 1.5829 + 0.7842X + 0.1171X2 − 2.066X3 + 1.5420X4 (3.3)
+6.9640X5 + 1.7496X6 − 8.9347X7 − 2.1216X8 + 3.8673X9.
Here X at time is defined by 2 time−start
end−start − 1 where start and end are the start
and end times of the range of times where this function is applicable for ionospheric
calibration (Machuzak , 2008). For the time span of PJ1, start equals 29040 seconds
past midnight (8:04:00 UTC) and end equals 69780 seconds past midnight (19:23:00
UTC). The ionospheric line-of-sight TEC in units of TECU equals
RDf2ref
0.403
, where fref
is the reference S-band frequency of 2.295 GHz, RD is expressed in units of meters
and fref is expressed in units of GHz (Mendillo et al., 2004b). The ionospheric TEC
found from Equation 3.3 is the cyan dashed curve shown in the left panel of Figure
3.3. This provided the initial condition used for the initial TEC integration (Section
3.2.1). The significant increase in ionospheric TEC at the end of the observing
period is caused by the spacecraft elevation approaching the horizon, which increases
the path length through the Earth’s ionosphere. The observed TEC corrected for
the Earth’s ionosphere is shown in the middle panel of Figure 3.3. To account for
uncertainty in the calibration I adopt an uncertainty of around 2 TECU on the
ionosphere (Thornton and Border , 2000). Using general uncertainty propagation
methods gives an uncertainty on the data shown as the gray shaded region on the
data in the middle panel of Figure 3.3. Note that negative values of TEC seen in the
middle panel of Figure 3.3 indicate that some additional background contribution
to the observed TEC decreases with time, they should not be interpreted as true
negative total electron content.
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A background contribution to TEC that decreases with increasing time remains
after the ionospheric correction. I interpret this as variations in solar wind conditions
between the Earth and Jupiter. During the occultation the Jupiter-Earth-Sun angle
was 22.6 degrees. The distance from the Earth to Jupiter was 6.37 AU. This back-
ground contribution must be removed in order to isolate the IPT TEC. Following the
method used for the ionospheric correction, I fit a ninth order polynomial function
of time to the corrected TEC outside the fiducial range of 13.16 to 15.06 hrs. The
choice of the ninth order fit excluding this time range is discussed in Appendix 3.B.
This excludes the contributions of the IPT. The resultant fit to the background TEC
in TECU is:
Background TEC = −7.171− 7.446 T − 4.754 T 2 + 17.34 T 3 + 12.01 T 4 (3.4)
−17.71 T 5 − 4.957 T 6 + 9.278 T 7 + 0.5715 T 8 − 1.751 T 9.
Here T is time−5.446×10
4
9284
where time is in seconds past midnight, 5.446 × 104
seconds is the mean of the times of the fitted data, and 9284 seconds is the standard
deviation of the times of the fitted data. This background calibration is shown by the
red dotted line in the middle panel of Figure 3.3. The complete calibrated TEC after
subtraction of this background is shown in the right panel of Figure 3.3. I assume
that the IPT is the sole contributor to this calibrated TEC profile. The uncertainty is
assumed to be unchanged after the correction for non-ionosphere background plasma
(gray shaded region on right panel of Figure 3.3). The average uncertainty over the
observing period is 3.38 TECU with standard deviation of 0.69 TECU.
In the right panel of Figure 3.3, note that the scatter of the TEC values is
appreciably smaller than the reported TEC uncertainties. Clearly the scatter in the
TEC values does not arise from uncorrelated measurements sampled from a normal
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distribution with standard deviation equal to the reported uncertainty. Since TEC
is an integrated quantity, the background TEC measurements are not uncorrelated.
The peak TEC of the IPT (shown in the right panel of Figure 3.3) is 36.8 ± 2.1
TECU located at 13.93 ± 0.02 hours. These peak properties and their uncertainties
were found by a Monte Carlo approach with an ensemble size of 10,000. Each ∆f
data point was modified by the addition of a value drawn from a normal distribution
with mean zero and standard deviation equal to σ∆f . The reported peak TEC and
its uncertainty are the mean and standard deviation of the ensemble of peak TEC
values. The reported peak time and its uncertainty are the mean and standard
deviation of the ensemble of times of peak TEC value. The peak TEC value of 36.8
± 2.1 TECU found for Perijove 1 is consistent with the Ulysses peak TEC value of
approximately 60 TECU along a line of sight that passed through the torus twice
(Bird et al., 1993).
3.3 Perijove 1 comparison to Voyager models
Here I compare the TEC results to models based on Voyager in situ data.
3.3.1 Update to Chapter 2 model parameters
I begin with the empirical model of Chapter 2, which provides electron density
as a function of position. I label this Model A. The functional form of this model is a
piece-wise function in the torus equatorial plane . For radial distances less than 6.10
RJ , electron density is given by a sum of three Gaussians, one each for the cold torus,
ribbon, and warm torus. For radial distances greater than 6.10 RJ , electron density
is given by the tail of a single Gaussian representing the extended torus. The central
densities, peak locations, and peak widths each of the Gaussian functions were found
from a fit to Voyager in situ data. Outside the torus equatorial plane, densities are
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Table 3.1: Parameters for Model B. <M> is mean ion mass. The peak location
of the cold torus, the peak location of the warm torus, and the region widths (not
listed here) are unchanged from Model A (Chapter 2). The reference densities in the
second column are the coefficients for the summed Gaussian model representation of
the fit to the torus density from Voyager. For the first three rows, the peak densities
in the last column are the actual densities that would be observed at the stated
peak locations. For the extended torus, the peak density in the last column is the
actual density that would be observed at 6.10 RJ . Although the peak location for
the extended torus is at 5.26 RJ , density contributions from the extended torus are
only permitted beyond 6.10 RJ in this model.
Reference Scale Ion Peak Peak
Region Density Height Temperature <M> Location density
[cm−3] [RJ ] [eV] [amu] [RJ ] [cm−3]
Cold torus 1730 0.18 2.20 27.3 5.23 1740
Ribbon 2200 0.71 31.6 25.3 5.63 3240
Warm torus 2430 1.13 78.0 24.4 5.89 2430
Extended torus 2080 1.13 78.0 24.4 5.26 1740
found using the scale height approximation to the diffusive equilibrium equation for
a multi-species plasma. The scale heights for the cold torus, ribbon, warm torus, and
extended torus are independent (Chapter 2).
I modify Model A to account for a recent reanalysis of the Voyager data by
Bagenal et al. (2017b). Model scale heights are updated due to composition and
temperature changes found by Bagenal et al. (2017b) and Nerney et al. (2017). Model
densities are updated due to reanalysis of Voyager data by Bagenal et al. (2017b).
Modified model parameters are shown in Table 3.1. I label this Model B.
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3.3.2 Model Comparison to data
Models predict density as a function of position, whereas the data measure TEC
as a function of Earth Received Time. To compare models to data, I find the line-of-
sight between the Earth at the Earth Received Time and the spacecraft at the earlier
transmission time, then integrate the model electron density along this line-of-sight.
This provides a model value of TEC at this Earth Received Time. Repetition for
all Earth Received Times provides a model time series of IPT TEC as a function of
Earth Received Time. I used the NAIF SPICE tools to do this, accounting for the
light travel time between Juno and the Earth. TEC predictions from Model B are
shown in Figure 3.4 alongside the observed TEC. The major impression from this
comparison is that the predicted peak TEC of Model B is significantly less than the
observed peak TEC.
Predicted and observed peak TEC values agree well if all densities in Model B
are increased by a factor of 1.37, as shown in Figure 3.5. I label this rescaling of
Model B as Model C. It should be noted here that the observed time series of TEC is
quite insensitive to the radial distribution of plasma. Consequently, interpretation of
the observed TEC in terms of local plasma density in the IPT requires assumptions
about the radial structure of the IPT. Models A—C adopt the radial distribution
of plasma found during the Voyager epoch. With that caveat, this scaling factor
suggests that IPT densities were around 37 percent larger during PJ1 than during
the Voyager epoch.
The Model C-data residuals shown in Figure 3.5 show a systematic behavior.
TEC values predicted by Model C are systematically larger than observed TEC
values at early times, then systematically smaller at later times. Equivalently, the
peak TEC predicted by Model C occurs 2.4 minutes before the peak observed TEC.
One possible explanation for this feature is that the plane of the IPT is tilted with
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Fig. 3.4: Comparison of the Voyager model to TEC observations from Perijove 1.
(top) The dashed black line shows the TEC time series predicted by Model B. The
solid blue-green line shows the corrected TEC data and the gray region shows the
uncertainty on the data. (bottom) Model-data residuals. The black dashed line shows
the difference between the data and Model B. The gray region shows the uncertainty
on the data. The horizontal blue line indicates zero.
respect to the rotational equator by an angle that differs from the nominal 6.3 degrees.
Here I consider how changes in the tilt of the plane of the IPT would affect observed
TEC values.
For the PJ1 geometry, if the tilt of the plane of the IPT with respect to the
rotational equator is decreased from the nominal 6.3 degrees, then the peak TEC
would occur earlier in the observations. Similarly, if the tilt of the plane of the IPT
with respect to the rotational equator is increased from the nominal 6.3 degrees,
then the peak TEC would occur later in the observations. Therefore I adjusted the
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Fig. 3.5: Comparison of rescaled Voyager model to TEC observations from Perijove
1. (top) The dashed black line shows the TEC time series predicted by Model C.
The solid blue-green line shows the corrected TEC data and the gray region shows
the uncertainty on the data. (bottom) Model-data residuals. The black dashed line
shows the difference between the data and Model C. The gray region shows the
uncertainty on the data. The horizontal blue line indicates zero.
IPT tilt in Model C and monitored how this affected the model-data residuals. As
the IPT tilt in Model C was increased from the nominal value of 6.3 degrees from
the rotational equator, the model-data residuals diminished to a minimum, then
increased. The residuals appeared to be minimized at a tilt of 7.8 degrees from the
rotational equator. This is illustrated in Figure 3.6, which shows Model C (tilt of 6.3
degrees, nominal value), Model D (tilt of 7.8 degrees, aligns model and observed times
of peak TEC), and Model E (9.5 degrees, plane of magnetic equator). Model-data
residuals show systematic behavior for Models C (6.3 degrees) and E (9.5 degrees),
but are smaller and scattered around zero for Model D (7.8 degrees). This illustrates
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that an adjusted tilt of the plane of the IPT provides significantly better agreement
between model and observations. With that principle established, I now refine the
value of the tilt implied by the time of peak TEC.
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Fig. 3.6: Effects on the TEC results of changing the tilt of the Io plasma torus.
(top) The black dashed line shows the TEC profile for Model C, which has the
nominal torus tilt of 6.3 degrees. The red dashed line shows the TEC profile for
Model D, which minimizes the data-model residuals by adopting a torus tilt of 7.8
degrees. The blue dashed line shows the TEC profile for Model E, which adopts a
torus tilt of 9.5 degrees, which is equal to the magnetic dipole tilt. The gray region
shows the uncertainty on the data. The horizontal blue line indicates zero. (bottom)
Corresponding plot for the data-model residuals.
The observed time of the peak TEC is 13.93 ± 0.02 hours. The corresponding
model tilt that matches the time of peak TEC is 7.5 ± 0.4 degrees, which is 1.2 ± 0.4
degrees greater than the nominal tilt of 6.3 degrees. This is consistent with the 7.8
degrees suggested by the preceding visual inspection of the residuals. I hypothesize
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that the slight difference between the results of 7.8 degrees and 7.5 degrees arises
because the inspection of residuals was most sensitive to the properties of the warm
torus, whereas matching the precise time of peak TEC was most sensitive to the
location of the cold torus.
Another possible explanation for the discrepancy in the time of peak TEC is that
the longitude of the pole of the IPT is different from its nominal value. The nominal
value is the same as the System III longitude of the magnetic pole, 200.8 degrees,
where the relevant coordinate systems are discussed further in Bagenal et al. (2017a).
To explore this possibility, I allowed the pole longitude in Model C, which has the
nominal tilt of 6.3 degrees, to rotate around Jupiter. After a complete revolution
around Jupiter, the resultant Earth Received Time of peak TEC in the model varied
between a minimum of 13.49 hours at 20.8 degrees and a maximum of 13.90 hours at
210.8 degrees. For the nominal pole longitude of 200.8 degrees, the Earth Received
Time of peak TEC in the model was 13.89 hours. Recall that the observed time of
peak TEC is 13.93 ± 0.02 hours. Although changes in pole longitude can affect the
Earth Received Time of peak TEC considerably, such changes cannot significantly
improve the agreement between model and data for the PJ1 observations. Given this
result, I do not explore sensitivity to changes in both tilt and pole longitude.
The Io plasma torus is believed to lie in the centrifugal equator, meaning the
locus of points that are the farthest away from Jupiter on a given field line. If the
magnetic field is purely dipolar, then the centrifugal equator is a plane. Futhermore,
this plane is tilted with respect to the plane of the rotational equator by two-thirds
of the tilt between the rotational and magnetic equators, as discussed previously.
However, if the magnetic field possesses higher-order terms and is not purely dipolar,
then the centrifugal equator may not be a plane and the tilt of a plane fitted to
the centrifugal equator may not be the same as for the dipole-only case. In the
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above analysis, I have used pole longitude and dipole tilt for the magnetic dipole
approximation of the VIP4 model (see Section 3.2). More realistic descriptions of
the centrifugal equator based upon more realistic magnetic field models may be
valuable for interpreting the implications of the time of peak TEC of the IPT that
was observed on PJ1. For example, the VIP4 model (Connerney et al., 1998) contains
higher-order components of the magnetic field that are not included in the simple
dipole approximation used here. Other field models, such as VIPAL (Hess et al.,
2011) and the empirical model of Grodent et al. (2008), use modifications to the
VIP4 model to match auroral observations (Bagenal et al., 2017a). Furthermore, the
unprecedented magnetic measurements of Juno will lead to the development of a new
magnetic field model that is likely to replace pre-Juno models in most applications.
There is also another magnetic field contribution due to the current sheet that could
contribute to the offset found here. The current sheet stretches out the magnetic
field and thus causes a shift in the location of the centrifugal equator. It was shown
by Schneider and Trauger (1995) that the current sheet was important for modeling
the centrifugal equator location in ground-based images.
Along with dipole tilt and pole longitude, it is also possible to change the time
of peak TEC with a longitudinal variation in density. I used a sinusoidal variation
in density of ne (r, λIII) = ne (1 + Asin (2 (λIII − λ0))) with A equal to 0.5. This
sinusoidal variation reproduces the variation found by Steﬄ et al. (2008) with a larger
amplitude of variation. With the fifty percent variation in density the time of peak
TEC is shifted from 13.89 hours to around 13.90 hours but during this time the peak
TEC was increased by 50 percent. To account for the 37 percent increase in density
I use A = 0.37. With the 37 percent increase in density the peak TEC is the same
as that of the data but the time of peak TEC is only moved to 13.897 hours. Thus,
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this can account for the density increase but is not a reasonable explanation for the
difference in time of peak TEC.
3.4 Determining parameters from the data
I now fit the observed TEC directly. In order to place the observations in a
general context, I fit the TEC as a function of position, not of Earth Received Time.
3.4.1 Fit to the data
For a given Earth Received Time, the position coordinate used is the z-
coordinate of the point along the Juno-Earth line-of-sight whose value of
√
x2 + y2
equals 5.89 RJ , the orbital distance of Io. Here x, y, and z are expressed in the
centrifugal coordinate system introduced in Section 3.2. In this system, the nominal
plane of the IPT is the z = 0 plane. I fit the observed TEC using the sum of multiple
Gaussian functions. Chapter 2 discussed the suitability of this functional form for
IPT observations. Using simulated data, I showed that the peak TEC and scale
height can be determined from TEC profiles of the torus using a sum of Gaussians,
one for each of the three distinct torus regions. The final fit to the simulated data
had a reduced χ2 of 1.004. It was also shown that, since the three regions are distinct
in both temperature and density, each parameter of the Gaussian function has an
independent effect on the profile.
In contrast to the three Gaussians of Chapter 2, here I use only two Gaussians.
There is no clear signature of the narrow ribbon in the TEC observations from PJ1.
This is a consequence of the observational geometry. The ribbon and the warm
torus have similar scale heights. The primary difference in their electron density
distributions is that the ribbon is confined to a narrow range of radial distances
(e.g., width of 0.08 RJ in Model A). These occultation observations integrate density
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along a line of sight. Therefore, they are relatively insensitive to the distinction
between the ribbon and the warm torus. Thus the fit function is
TEC(z) = a1e
−(z−b1)2/c21 + a2e−(z−b2)
2/c22 , (3.5)
where an is the peak TEC, bn is the peak location offset, and cn is the scale height.
With the convention that the Gaussian with the smaller fitted scale height represents
the cold torus, here the subscript 1 refers to the cold torus and 2 to the combination
of the ribbon, warm torus, and extended torus. Based on the locations of these
regions in the Voyager-era observations, for convenience I refer to the contribution
marked with subscript 2 as “the torus beyond 5.5 RJ”. The physical significance of
fit parameters an (peak TEC) and cn (scale height) are self-explanatory. The physical
significance of fit parameters bn, called the peak location offset, is that bn represents
the offset of peak TEC above or below the nominal plane of the centrifugal equator.
In the limit of lines of sight parallel to the centrifugal equator, non-zero values of
bn can be interpreted as the torus being displaced from its predicted location in the
nominal centrifugal equator.
I find the set of parameters that minimizes the χ2 between the time series
of observed and modeled TEC. I perform the fit using a Markov Chain Monte
Carlo (MCMC) python routine assuming a normal distribution for the parameters
(Foreman-Mackey et al., 2013). 7× 104 runs were performed, and the resultant best
fit values and their uncertainties are reported in Table 3.2. I label this as Model
F. The reduced χ2 for the MCMC fit was 1.04. The full parameter distribution is
shown in Appendix 3.C. An independent analysis was also done and is discussed in
Appendix 3.D. Note that Models A—E are based on Voyager in situ data, whereas
Model F is based on Juno radio occultation data.
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Table 3.2: Parameters of two-Gaussian fit to TEC profiles. Predicted values are
those found from a fit to the TEC profile predicted by Model B. Best-fit values are
those found from a fit to the observed TEC profile (Model F). Initial values are those
provided as input to the fitting routine that generated the best-fit values.
Cold Torus
torus R>5.5RJ
Value Peak
TEC
Offset Scale
height
Peak
TEC
Offset Scale
height
a1 b1 c1 a2 b2 c2
TECU RJ RJ TECU RJ RJ
Predicted 5.23 0.050 0.207 21.7 -0.042 1.09
Initial 7.01 -0.030 0.310 30.1 -0.260 1.11
Best-fit 7.07±
0.72
-0.038±
0.004
0.299±
0.031
30.1±
3.0
-0.227±
0.024
1.11±
0.11
The MCMC fit routine requires initial values for all fit parameters. These were
obtained by fitting the same functional form to the observed TEC values as a function
of the z position of the Juno-Earth line-of-sight, at a radial distance of 5.89 RJ in
centrifugal coordinates, using the MatLab curve fitting tool (the root-mean-square
error of the fit was 0.378 TECU) . These initial parameter values are also reported
in Table 3.2. Figure 3.7 shows observed and Model F TEC(z).
I can compare these fit parameters to those predicted based on existing models.
I use Model B (Table 3.1), which has the nominal torus tilt of 6.3 degrees, to predict
TEC(z), then fit the predicted TEC(z) using Equation 3.5. The parameters an, bn,
and cn found from this fit to Model B are those that would be predicted if the torus
was located on the nominal centrifugal equator with the density distribution from
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Fig. 3.7: (top) TEC from PJ1 as a function of the z-coordinate of the line-of-sight
at the point where
√
x2 + y2 equals 5.89 RJ . The blue-green line shows the data,
the grey regions shows the uncertainty on the data, and the black dashed line shows
Model F, which is a fit to these data. The red dashed line shows the contribution of
the torus beyond 5.5 RJ to Model F. The green dashed line shows the contribution of
the cold torus. The horizontal blue line indicates zero. (bottom) The black dashed
line shows data-model residuals. The gray region shows the uncertainty on the data.
The horizontal blue line indicates zero.
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the Voyager epoch. Results from this fit to Model B are listed in the first row of
Table 3.2.
3.4.2 Interpretation of fitted total electron content
The TEC from Model B and Model F (fit to Juno data from PJ1) can be directly
compared. The best fit TEC values a1 and a2 are shown in Table 3.2. The predicted
value for a1 from Model B is 5.23 TECU. The value found for Perijove 1 is 35±14
percent larger. The predicted value for a2 from Model B is 21.7 TECU. The value
found for Perijove 1 is 38±14 percent larger. Thus, the TEC of the IPT is increased
by an average of 37 ± 14 percent. This is consistent with the result found in Section
3.3.2 by scaling the TEC profile from Model B to match the peak observed TEC.
3.4.3 Interpretation of fitted peak offset values
The peak offset values b1 and b2 are shown in Table 3.2. Even though Model
B was defined to be symmetric about the centrifugal equator, the associated peak
offset values are non-zero. Specifically, the peak offset values for Model B are 0.050
RJ for b1 and -0.042 RJ for b2. These non-zero values are artifacts of the geometry
between the Juno-Earth lines-of-sight and the Io plasma torus (shown in Figure 3.1).
The lines-of-sight are not parallel to the nominal centrifugal equator. When the line
of sight passes through the nominal centrifugal equator at
√
x2 + y2 = 5.89RJ , the
radial distance of the peak of the warm torus, Juno is at
√
x2 + y2 = 1.01 RJ and
z = -0.457 RJ . Therefore this line of sight is at an angle of -5.4 degrees to the
nominal centrifugal equator. Consequently, the line of sight through Model B that
has the greatest cold torus TEC passes through the nominal centrifugal equator at a
radial distance of 5.36 RJ . The line of sight through Model B that has the greatest
contribution from the torus beyond 5.5 RJ passes through the nominal centrifugal
equator at 6.33 RJ . These values were used when calculating the tilts below.
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The torus being distributed along the torus equator means the lines-of-sight will
pass through the torus equator for a region closer to Jupiter at a different time than
the regions further from Jupiter (for reference see Figure 3.1). During PJ1, the torus
was near maximum tilt below the rotational equator. This leads to the lines-of-sight
passing through the cold torus first and then the regions beyond. In the frame used
for the Gaussian fit this results in the cold torus having a positive offset since it passes
through the torus equator at an earlier time and occurs on an earlier line-of-sight.
The peak TEC line-of-sight has a negative offset because it passes through the torus
equator at a later time and thus occurs on a later line-of-sight.
The peak offset values found for Perijove 1 (Model F) are different from those
for Model B. These differences illustrate that the regions of the Io plasma torus were
not located in the nominal plane of the centrifugal equator at the time and place of
these observations. This can be interpreted as differences from the nominal tilt of
6.3 degrees.
The difference between predicted positions and fitted positions (Table 3.2) gives
the shift in the torus regions. ∆b1 is -0.088 ± 0.004 RJ while ∆b2 is -0.185 ±
0.024 RJ . These values give the offset from the nominal torus location. For each
region the corresponding offset from nominal torus tilt can be calculated using αn =
arcsin
(
∆bn
Rn
)
(see Figure 3.8). Here αn is the angle from nominal torus tilt angle
in degrees for the corresponding region (1 for cold torus and 2 for warm torus). Rn
is the radial peak location of the cold torus and the torus beyond 5.5 RJ (5.36 and
6.33 RJ discussed above). With Rn and the ∆bn’s above I can derive the offset tilt
angle for each of the torus regions. The angles are 0.9±0.1 degrees for the cold torus
and 1.7±0.2 degrees for the torus beyond 5.5 RJ . This can be interpreted as a tilt
of the equatorial plane from the rotational equator of 7.2±0.1 degrees for the cold
torus and 8.0±0.2 degrees for the warm torus. The average weighted by the peak
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Fig. 3.8: Geometry between lines-of-sight, the nominal centrifugal equator, the data
centrifugal equator, and the perpendicular to the nominal centrifugal equator at 5.89
RJ . This also describes the relationship between the fitted b values and the angle
between equators.
TEC values gives an angle of 1.6 degrees. This is similar to the angle of 1.5 degrees
found above by testing the tilt in the SPICE toolkit.
3.4.4 Interpretation of fitted scale heights
The scale heights c1 and c2 are shown in Table 3.2. The cold torus scale height
found for Perijove 1 is 44±15 percent larger than predicted from Model B, but is
similar to those found by Earth-based observations made after Voyager (Thomas
et al., 2001, 2004; Nozawa et al., 2004). The scale height found for the torus beyond
5.5 RJ in Perijove 1 is 2± 9 percent larger than predicted from Model B, which is
not statistically different. It is also similar to results from Earth-based observations
(Thomas et al., 2001, 2004; Nozawa et al., 2004). It should be noted that the Model
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B scale heights reported in Tables 3.1 and 3.2 differ. This is because the values
reported in Table 3.1 are the true scale heights, whereas those reported in Table 3.2
are those obtained by a fit to the TEC(z) appropriate for the occultation geometry
of PJ1 in which the lines-of-sight are not parallel to the nominal centrifugal equator.
3.5 Discussion
Radio occultation observations during PJ1 have provided a profile of the TEC of
the IPT at a longitude of 184 degrees (System III) and Earth Received Time of 13:54
UTC on 27 August 2016. The above longitude is for the time of peak TEC with range
from 157 degrees at 12:54 UTC to 232 degrees at 14:54 UTC. The observed time of
peak TEC was 0.04 hours, or 144 seconds, later than would have been seen if the
IPT had been symmetric about the nominal plane of the centrifugal equator, which
is tilted by 6.3 degrees relative to the rotational equator. This could be explained by
the plane of the IPT having a different tilt of 7.8 degrees. Changes in the longitude of
the pole of the plane of the IPT cannot resolve this discrepancy. The nominal tilt of
6.3 degrees is predicted for a dipole-only magnetic field. Bagenal (1994) found that
inclusion of higher-order moments, and the magnetic field model used to provide those
higher-order moments, affected the torus geometry. In the future, interpretation of
the TEC observed on PJ1 in the context of more sophisticated descriptions of the
predicted torus location will better constrain the structure and location of the Io
plasma torus. I eagerly anticipate the development of a magnetic field model from
the Juno spacecraft’s magnetic field measurements.
Prior observations have discussed a difference in tilt of the ribbon and the cold
torus (Herbert et al., 2008). Herbert et al. (2008) interpreted these observations
as the cold torus being in the centrifugal equator and the ribbon being displaced
from the centrifugal equator. However, the observations of Juno appear to show
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that all regions of the torus are displaced from the nominal plane of the centrifugal
equator when using the dipole magnetic field approximation. Furthermore, Juno PJ1
radio occultations suggest that there is a difference in the tilts of the cold torus and
the torus beyond 5.5 RJ . Earlier work has considered the possibility of torus tilts
that differ from the nominal 6.3 degrees. Bird et al. (1993) found that a centrifugal
equatorial tilt of 7.7 degrees created better agreement between the Ulysses TEC data
and Voyager era models.
Model F has been derived from the PJ1 observations. However, Model F pro-
vides TEC, not local density as a function of position. In order to present a model
of plasma density in the IPT as a function of position that is constrained by the PJ1
observations, I rescale the density and scale height parameters defined for Model B
in Table 3.1 based on the density and scale height parameters found for the fit to
PJ1 observations (Model F, Table 3.2). I label this final model as Model G, whose
parameters are reported in Table 3.3. For Model G I use the different tilts found in
each region to determine the z = 0 plane for the density distribution. Thus, the scale
height distribution in the model is offset by a value equivalent to the predicted-fitted
value for each the cold torus and torus beyond 5.5 RJ (Ribbon, Warm torus, and
Extended torus).
The fitted peak TECs for the cold torus and the torus beyond 5.5 RJ were
35±14 percent and 38±14 percent, respectively, greater for Model F than Model B.
This can be interpreted as the densities in the IPT at the time and place of the PJ1
occultation observations being greater than predicted in Model B. Consequently, the
reference density for the cold torus is 35±14 percent greater for Model G than Model
B and the reference densities for the ribbon, warm torus, and extended torus are
38±14 percent greater for Model G than Model B. Bird et al. (1993) interpreted the
Ulysses measurements, which sampled two different longitude sectors of the torus.
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Table 3.3: Parameters for Model G derived from fit profile. Mean ion masses and
peak locations are unchanged from Model B (Table 3.1). The peak location of the
Extended torus is the location that the peak density would be observed rather than
the location of the peak of the Gaussian in the model which I keep the same as
Table 3.3. Other changes are described in the text.
Peak Scale Ion <M> Peak
Region Density Height Temperature Location
[cm−3] [RJ ] [eV] [amu] [RJ ]
Cold torus 2350 0.26 4.53 27.3 5.23
Ribbon 4470 0.73 33.3 25.3 5.63
Warm torus 3350 1.16 81.4 24.4 5.89
Extended torus 2401 1.16 81.4 24.4 6.10
One sector had 50 percent larger densities and the other sector had around 30 percent
smaller densities than Voyager based models. During the Cassini pass of Jupiter the
torus was measured to have longitudinal and temporal variations in density of 10–40
percent (Steﬄ et al., 2008). Thomas et al. (2001) showed, using ground based data,
that during a Galileo pass near Io the torus densities in the ribbon region were almost
50 percent higher than during the Voyager pass through the torus. A study using
ground based observations from 1997 through 2000 show that the torus emissions,
which can be related to the torus densities, varied by up to 50 percent over the three
year period (Nozawa et al., 2004). Thus, the observations that the torus densities
were larger than Voyager epoch data by around 35±14 percent for the cold torus and
38±14 percent for the torus beyond 5.5 RJ (ribbon, warm torus, extended torus) are
consistent with prior observations.
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Returning to the development of Model G, the fitted scale heights for the cold
torus and the torus beyond 5.5 RJ were 44±15 percent and 2± 9 percent, respectively,
greater for Model F than Model B. Consequently, the scale height for the cold torus
is 44±15 percent greater for Model G than Model B and the scale heights for the
ribbon, warm, torus, and extended torus are 2± 9 percent greater for Model G than
Model B.
These scale heights can be interpreted in terms of the ion temperature of plasma
in the torus. In the IPT, the plasma has a diffusive equilibrium distribution along
magnetic field lines for a multi-species plasma (Angerami and Thomas , 1964; Bage-
nal , 1994; Dougherty et al., 2017). This can be approximated by a simple scale height
distribution (Thomas et al., 2004). The scale heights are related to ion temperature,
as follows Chapter 1:
T = H2
3Ω2 < M >
2kB
. (3.6)
Here T is the parallel ion temperature, H is the scale height, Ω is the Jupiter ro-
tation rate (corresponding to a period of 9.925 hours), < M > is the mean molecular
weight of the ion species in the region of interest, and kB is the Boltzmann constant. I
assume that the compositions of IPT regions during PJ1 are consistent with previous
in situ and remote sensing spectroscopic observations and have the mean ion masses
reported in Table 3.3 (Nerney et al., 2017). With this assumption, temperatures can
be inferred from the fitted scale heights. Temperatures are reported in Table 3.3.
These ion temperatures are larger in the cold torus and similar in the warm
torus compared to values from the Voyager epoch (third column in Table 3.1). The
Ulysses spacecraft found parallel ion temperatures around a factor of 2 less than the
Voyager era, which translates to a scale height around 30 percent smaller (Bird et al.,
1993). Ground-based observations of the torus show warm torus ion temperatures of
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Fig. 3.9: Comparison of TEC time series as observed and as predicted by Model G.
(top) The blue-green line shows the data and the gray region shows the uncertainty
on the data. The black dashed line shows Model G.The horizontal blue line indicates
zero. (bottom) The blue line shows data-model residuals. The gray region shows the
uncertainty on the data. The horizontal blue line indicates zero.
around 70 eV at 5.89 RJ and cold torus ion temperatures of around 5–6 eV (Thomas
et al., 2001, 2004; Herbert et al., 2008; Bagenal et al., 2017b). Thus, the derived
temperatures from the Juno observation from PJ1 are consistent with some previous
observations, but not the Voyager cold torus observations.
A comparison of PJ1 TEC values observed by Juno and predicted by Model G
is shown in Figure 3.9. This model includes a tilt of 8.0 degrees for the warm torus
and 7.2 degrees for the cold torus from the rotational equator.
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3.6 Concluding Remarks
Juno Perijove 1 occurred on 27 August 2016 at 13:44 UTC Earth Received
Time. Over the course of this pass, the spacecraft was receiving X-band signals and
re-transmitting at X-band and Ka-band frequencies (Folkner et al., 2017). These
downlinks passed through the Io plasma torus. The frequencies received by the Deep
Space Network have been used to derive the total electron content along the path
between Juno and the Earth. Calibration for the the Earth’s ionosphere and the
interplanetary medium results in a time series of the Io plasma torus total electron
content.
The Io plasma torus total electron content is used, in conjunction with models
made with Voyager data (Chapter 2), to determine the scale height and peak density
of the Io plasma torus. The plasma densities were found to be larger (38±14 percent
for the warm torus and 35±14 percent for the cold torus) than those recorded during
the Voyager epoch. The scale heights are used to determine the ion temperatures
assuming constant average ion mass for each region (Thomas et al., 2004). The ion
temperatures derived for the derived scale heights are consistent with Earth-based
observations. For the cold torus the values are 2.0 ± 0.5 times those recorded by
Voyager while the warm torus values are similar. Comparison to the models also
shows that there appears to be a departure from nominal torus tilt (1.7±0.2 degrees
for the warm torus and 0.9±0.1 degrees for the cold torus). This is similar to the
torus offset found by Herbert et al. (2008) where they found that the ribbon was
tilted relative to the cold torus by 1–2 degrees.
This shows that the radio frequencies from the Juno spacecraft can be used
to measure properties of the Io plasma torus with about 10 percent uncertainties.
I also show that due to the geometry between the Io plasma torus and the Juno-
Earth lines of sight I can determine the torus orientation. Thus, the answer to the
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question posed at the beginning of the chapter, “Can Juno radio science instruments
measure properties of the Io plasma torus?”, is yes. The radio science instruments
can measure properties of the Io plasma torus and those properties are total electron
content, scale height, and orientation.
3.A Appendix A: Solar wind and ionosphere contributions
In the text of Section 3.2.3 I discuss the fit to the ionosphere and other
background subtraction. I state that the background, mainly ionosphere and so-
lar wind contributions, can be subtracted with high order polynomial fits. To
test the statement I make about the solar wind and ionosphere corrections I use
the Enlil (https://iswa.gsfc.nasa.gov/IswaSystemWebApp/) and Madrigal databases
(http://cedar.openmadrigal.org/list/), respectively. The Enlil model provides a sim-
ulation of the solar wind between the Sun and 5.2 AU. This is perfect for looking for
solar wind effects that could affect the radio occultations. The Madrigal database col-
lects the worldwide network of ionospheric measurements and includes the worldwide
GPS data.
Figure 3.10 shows the worldwide GPS TEC from 13:00-16:00 UTC. The area
over the Madrid DSN station is seen to have very little gradients in the TEC. The
values are on the same order of magnitude as the total electron content of the torus.
There are no areas of increased plasma that could be mistaken as Io torus plasma in
uncertainty. Therefore, the smoothed TEC in the .ion file can be used to reasonably
subtract the Earth’s ionosphere.
The Enlil simulations in Figure 3.11 show two different days. The first day is
the morning of the occultation and the second is the day after. It can be seen that
the density in the solar wind decreases from one day to the next. There appears to
be no increases in the solar wind during the time range of occultaiton that need to
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be considered. The radio occultation occurs half way between the two simulations.
This is consistent with the radio occultation observations background trend.
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(a) 13:00-13:20 hours (b) 13:20-13:40 hours
(c) 13:40-14:00 hours (d) 14:00-14:20 hours
(e) 14:20-14:40 hours (f) 14:40-15:00 hours
(g) 15:00-15:20 hours (h) 15:20-15:40 hours
(i) 15:40-16:00 hours (j) 16:00-16:20 hours
Fig. 3.10: the Earth’s ionosphere TEC during Perijove 1. Each panel is an average
over 20 minutes during the time range of the Io torus occultation.
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(a) August 27, 2016 08:00 UTC
(b) August 28, 2016 08:00 UTC
Fig. 3.11: Solar wind Enlil simulation during Perijove 1. The two panels shows the
day of Perijove and the day after. It can be seen that the density is decreasing from
day one to day two.
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3.B Appendix B: Detailed analysis of background fit
The choice of the 9th order background fit was chosen to correspond with the
same order as the ionosphere correction. Even with this logical choice I wanted to test
the effect of the choice on the fitted parameters of the Io plasma torus. The results
are shown in Table 3.4. The orders are tested from 1 through 9. The time ranges
tested are within about 2 hours of the peak torus TEC. The mean and standard
deviation are shown in the bottom table for the two columns of Table 3.4. The mean
of the order column is labeled as Bgd fit test and the time column is labeled as Time
range test in the bottom of Table 3.4.
For each of the orders I stayed with the time range selected for the chapter. The
full background calibration was performed and the two Gaussian fit was computed.
The entire MCMC process was not used for this. Instead I used the simple least
squares fitting procedure. The full range of fitted orders produces similar results
with very little difference between the nine fits. This can be seen in the standard
deviation of the Bgd fit test row.
With very little difference between the fits shown I tested the effect of the time
cut range. For this I chose to stay with the ninth order fit to stay consistent with the
chapter. It can be seen that if the time is too long there is not enough background
data to make a good approximation. On the other hand, if the time range is too
short there is too much of the Io torus data in the fit and background starts cutting
into the IPT TEC. The middle 4 time ranges cause approximately the same fitted
parameters. These time ranges include the time range used for the background fit
in the chapter. Therefore, the chosen fitted time range and order are appropriate to
use for analysis.
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Table 3.4: The background order is tested from 1st through 9th order. The time range
is changed from a roughly 2 hour range around perijove to almost 1 hour range.
Time range Fit order
13.16-15.06 9th order
Order TEC r H Time Range TEC r H
Warm torus:
1st order 30.6 -0.242 1.14 12.3-15.7 33.3 -0.231 1.23
2nd order 31.1 -0.248 1.18 12.5-15.5 31.1 -0.234 1.16
3rd order 29.9 -0.263 1.14 12.7-15.3 29.4 -0.242 1.11
4th order 29.8 -0.257 1.13 12.9-15.1 29.8 -0.234 1.11
5th order 29.8 -0.257 1.13 13.1-14.9 29.9 -0.223 1.11
6th order 29.9 -0.252 1.13 13.3-14.7 28.2 -0.212 1.06
7th order 30.7 -0.256 1.15 13.5-14.5 24.9 -0.208 0.97
8th order 31.3 -0.235 1.15 13.16-15.06 30.5 -0.228 1.13
9th order 30.5 -0.228 1.13
Cold torus:
1st order 7.45 -0.039 0.311 12.3-15.7 7.81 -0.052 0.319
2nd order 7.74 -0.042 0.320 12.5-15.5 7.45 -0.042 0.310
3rd order 7.88 -0.033 0.327 12.7-15.3 7.31 -0.033 0.309
4th order 7.70 -0.033 0.321 12.9-15.1 7.12 -0.037 0.305
5th order 7.70 -0.034 0.321 13.1-14.9 7.01 -0.039 0.297
6th order 7.60 -0.034 0.317 13.3-14.7 6.73 -0.036 0.291
7th order 7.70 -0.036 0.320 13.5-14.5 6.54 -0.028 0.294
8th order 7.38 -0.041 0.307 13.16-15.06 7.20 -0.040 0.303
9th order 7.20 -0.040 0.303
Warm torus: TEC r H
MCMC 29.3 ± 2.7 -0.246 ± 0.056 1.18 ± 0.13
Bgd fit test 30.4 ± 0.6 -0.249 ± 0.011 1.14 ± 0.02
Time range test 29.6 ± 2.4 -0.226 ± 0.011 1.11 ± 0.08
Cold torus: TEC r H
MCMC 8.18 ± 1.8 -0.044 ± 0.024 0.348 ± 0.051
Bgd fit test 7.59 ± 0.2 -0.037 ± 0.003 0.316 ± 0.007
Time range test 7.15 ± 0.4 -0.038 ± 0.007 0.303 ± 0.009
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3.C Appendix C: MCMC fit parameter distribution
Figure 3.12 shows the corner plot created from the MCMC walkers. The corner
plot is a representation of the 1-D and 2-D distribution functions of the MCMC fit
parameters. The shape of the probability distribution functions (the 1-D histrograms
on the diagonal of Figure 3.12) are seen to be mostly Gaussian for all parameters.
The off diagonal panels of Figure 3.12 show the 2-D probability distributions for
the torus fit parameters. The contours here represent the 1-sigma, 2-sigma, and
3-sigma levels. In the 2-D representations, these correspond to 39.3%, 86.5%, and
98.9% of the volume of parameter space (unlike the 68%, 95%, and 99.7% of the
1-D probability distributions). Most of the parameters are uncorrelated. There are,
however, some slightly correlated parameters, most notably the cold torus TEC and
H and the cold torus TEC with the warm torus H.
In each of the 2-D plots there is the fitted value with the error bars. The un-
certainty in the fitted parameter overestimates the 1-sigma uncertainty for the cor-
relation of the parameters. Thus, the uncertainties in Table 3.2 reasonably represent
the uncertainties and cover the correlation between the parameters.
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Fig. 3.12: Corner plot of MCMC output. The top of each column shows each
parameter’s distribution. The subsequent plots show the correlation between the
parameter distributions. In each panel the blue cross indicates the fitted parameter
with appropriate uncertainties.
3.D Appendix D: Separate analysis of fitting method
A separate program written in IDL was used to perform the independent anal-
ysis. Each set of data points used for the fit is pulled from a random distribution
where the mean is the original frequency residual data and the standard deviation
is the uncertainty on the frequency residual data outside the IPT occultation. The
data are used with Equation 1.43 to determine the TEC profile. The ionosphere is
corrected in the same way as Section 3.2.3 but the background data uses a 2nd order
fit. This is repeated 10 different times and then the result for each fit parameter
is noted. The final column r-diff is the difference between the cold torus and warm
torus radial distances. This simulates the MCMC run with pulling different original
TEC profiles. The results from the runs are listed in Table 3.5 and shown in Figure
3.13. It is seen that the pull from the random distribution give similar results to
those found from the MCMC fit.
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Fig. 3.13: Multiple fits to the data. The plots correspond to the fit number in Table
3.5 from top left being run 1 and bottom right being run 10.
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Table 3.5: 10 different fits using the 2nd order background fit.
Run TEC
warm
r warm H warm TEC
cold
r cold H cold r-diff
1 26.456 -0.401 1.091 12.968 -0.042 0.294 -0.359
2 27.686 -0.314 0.893 9.400 -0.039 0.246 -0.274
3 32.804 -0.284 0.887 7.623 -0.034 0.200 -0.250
4 31.636 -0.258 0.926 8.166 -0.051 0.228 -0.207
5 32.168 -0.314 0.990 9.675 -0.029 0.269 -0.284
6 27.301 -0.355 1.028 11.045 -0.024 0.287 -0.331
7 29.630 -0.318 1.051 10.183 -0.026 0.280 -0.292
8 29.760 -0.246 0.983 9.329 -0.035 0.239 -0.210
9 28.068 -0.305 1.012 10.412 -0.056 0.251 -0.249
10 31.507 -0.285 0.932 8.792 -0.046 0.232 -0.239
average 29.701±
2.254
-0.308±
0.045
0.979±
0.068
9.759±
1.524
-0.038±
0.011
0.252±
0.030
-0.270±
0.049
MCMC 30.1±
3.0
-0.227±
0.024
1.11±
0.11
7.07±
0.72
-0.038±
0.004
0.299±
0.031
-0.189 ±
0.024
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4
Variations in the density distribution of
the Io plasma torus as seen by radio
occultations on Juno Perijoves 3, 6, and 8
A similar version of this chapter was submitted to the Journal of Geophysical
Research: Space Physics.
4.1 Introduction
Based on the above discussion in Chapter 1, it follows that precise observations
of the locations, central densities, and scale heights of the distinct regions of the
Io plasma torus over a range of System III longitudes would greatly improve char-
acterization of the behavior of the torus. In Chapter 2 I discussed that the Juno
spacecraft was uniquely suited to provide such observations from radio occultations
of the Io plasma torus around perijove. Fortuitously, suitable measurements are
routinely acquired by Juno during normal gravity science operations.
First results from Juno radio occultation observations on PeriJove 1 (PJ1) were
reported in Chapter 3. The torus density distribution was accurately measured, and
distinct torus regions were identified. Chapter 3 interpreted my results in terms of
Voyager-era empirical density models and noted an offset between observed torus lo-
cation and location predicted by an offset tilted dipole field model. However, a single
occultation is not sufficient to characterize spatial and temporal variations in the
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density distribution of the torus. Therefore this article aims to report and interpret
measurements of the density distribution in the Io plasma torus from subsequent
Juno perijoves, specifically PeriJoves 3, 6, and 8 (PJ3, PJ6, and PJ8).
The aim of this chapter is to determine and interpret the IPT TEC profile from
the radio occultation observation during Juno PJ3, PJ6, and PJ8. This provides an
answer to the question, How do the total electron content and scale height of distinct
torus regions vary with System III longitude? This also provides insight into the
question, Are distinct torus regions located at the centrifugal equator?
In this chapter, I present the raw frequencies in Section 4.2. In Section 4.3
I identify, diagnose, and resolve a problem in the raw data. In Section 4.3 I also
generate the time series of torus total electron content values that are interpreted in
subsequent sections. In Section 4.4.4 I compare total electron content observations
to model predictions. I then fit the total electron content observations to a simple
function of distance above the nominal centrifugal plane in Section 4.5. I also find
best-fit values for peak total electron content, location offset, and scale height for
distinct torus regions. I present a discussion of comparison to previous data in
Section 4.6 and a summary of the chapter in Section 4.7.
4.2 Data
Time series of the differential Doppler shifts for PJ3, PJ6, and PJ8 are shown
in Figure 4.1. They can be compared to the equivalent plot for PJ1 (Figure 3.2).
As the line-of-sight total electron content should be approximately the same before
and after the occultation (i.e., no contribution from Io plasma torus), it follows from
Equation 1.45 that the time integral of the differential Doppler shift from the start
of the observation to the end of the observation should be zero. That is, the area
between the curve and the horizontal axis in Figure 4.1 should be the same above
110
13 14 15 16 17 18 19
−10
−5
0
5
10
15
Earth Received Time (hours)
di
ffe
re
nt
ia
l f
re
qu
en
cy
 (1
0−
3  
H
z)
 
 
10s integration
100s integration
Perijove time
2 3 4 5 6 7 8 9
−15
−10
−5
0
5
10
15
20
25
Earth Received Time (hours)
di
ffe
re
nt
ia
l f
re
qu
en
cy
 (1
0−
3  
H
z)
 
 
10s integration
100s integration
Perijove time
20 21 22 23 24 25 26 27
−30
−20
−10
0
10
20
Earth Received Time (hours)
di
ffe
re
nt
ia
l f
re
qu
en
cy
 (1
0−
3  
H
z)
 
 
10s integration
100s integration
Perijove time
Fig. 4.1: Time series of raw differential frequency shift for PJ3, PJ6, and PJ8.
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and below the axis. This prediction will not be perfectly satisfied due to changes in
background conditions, but it was reasonably well-satisfied on PJ1. For PJ3, PJ6,
and PJ8, however, this prediction was not satisfied well at all.
The consequences of this issue can be seen in the left panels of Figure 4.2, which
show the intermediate TEC profiles (correction for Earth’s ionosphere, but not for
the solar wind) for PJ3, PJ6, and PJ8. The Io plasma torus is readily identifiable
as a local maximum in each panel. In each occultation, the ending TEC value is
about 50 TECU (1 TECU = 1016 electrons m−2) different from the starting TEC
value. By contrast, the equivalent offset was merely 20 TECU for PJ1 as illustrated
in the middle panel of Figure 3.3. Moreover, there are clear differences between the
pre-torus baseline and the post-torus baseline in each case, unlike for PJ1.
If a linear fit to the pre-torus baseline is subtracted from each intermediate TEC
profile to give a “final” TEC profile, as shown in the right panels of Figure 4.2, then
problems persist. The ending TEC values differ from their expected value of zero
by about 30 TECU for PJ3 and PJ6. The ending TEC value is near zero for PJ8,
but the implied structure of the torus is extremely unrealistic. These results suggest
two regions of plasma: one in the centrifugal equator with peak TEC of ∼ 20 TECU
and a scale height of about 0.7 RJ and the other about 3 RJ above the centrifugal
equator with similar peak TEC and a scale height of about 1.7 RJ . This is highly
implausible. In each of these three perijoves, the shape of the IPT contribution
relative to the background is clearly anomalous relative to expectations and earlier
results from PJ1.
4.3 Additional correction of data
It is clear that an issue negatively affects the PJ3, PJ6, and PJ8 observations
that did not affect the PJ1 observations, which used a X-band up only rather than
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Fig. 4.2: Preliminary versions of intermediate (left) and final (right) time series of
total electron content for PJ3 (top), PJ6 (middle), and PJ8 (bottom).
X-band and Ka-band up1. I conclude that a problem exists with my preliminary
TEC profiles for PJ3, PJ6, and PJ8.
Close inspection suggests that the issue is somehow associated with perijove, as
the intermediate TEC profiles (left panels of Figure 4.2) appear reasonable before
perijove, but not after perijove. There is no obvious association between the onset
of this issue and the time of the torus occultation. Note that the timing of the
1The Juno gravity science team at the Jet Propulsion Laboratory, California Institute of Tech-
nology examined the calibration of DSS26 and found a calibration error that is consistent with the
ad hoc solution developed in this dissertation (Personal Communication Dustin Buccino, 2019).
This finding was reached as this dissertation was reaching its conclusion.
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torus occultation changes relative to perijove due to the tilt of the axis of the torus
(centrifugal axis) relative to Jupiter’s rotational axis.
Together, these observations suggest that the issue is associated with Juno’s
orbital motion, not the Io plasma torus. Therefore I test a correction method. I
assume that the observed differential Doppler shift is related to the true differential
Doppler shift as ∆fobserved = ∆ftrue + , then attempt to constrain the correction
term .
To explain the physical origin of this putative functional form for the error, I
hypothesize that a frequency-dependent error exists in the calibration of the delay
time between the reference oscillator and the transmitter for the Ka-band uplink at
the DSS-25 antenna, a 34-m antenna at the Goldstone Deep Space Network (DSN)
complex. Such an error would lead to an error in the frequency residuals of the
functional form postulated here. The same error would affect PJ3, PJ6, and PJ8
since DSS-25 is the only DSN antenna with Ka-band uplink capabilities. This error
would not affect PJ1, whose coherent observations did not use Ka-band uplink. Few
other planetary radio science investigations have used Ka-band uplink. Cassini is
the most prominent example. However, Juno is a unique mission. Due to its highly
elliptical orbit around the most massive planet in the solar system, with perijove
barely above the planet’s ionosphere, the acceleration it experiences around perijove
is unprecedented for planetary spacecraft not conducting propulsive maneuvers. It
accelerates from a Jupiter-relative speed of 22.8 km s−1 4.5 hours before perijove
to 55.8 km s−1 at perijove. Consequently, the rate of change of its Doppler-shifted
frequency is also exceptionally large around perijove, much larger than for Cassini.
Hence similar effects on Cassini observations would be much smaller. I focus first on
PJ3, then test my findings on PJ6 and PJ8.
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4.3.1 Development of correction term
The test uses a correction method of the form ∆fobserved = ∆ftrue + , where
 is an as-yet-undetermined source of error. I first consider the characteristics that
should be possessed by my correction function . The correction function  should:
(A) have an identical functional form for PJ3, PJ6, and PJ8; (B) be largest around
perijove; (C) be small away from perijove; (D) be appropriately shaped in time; (E)
be appropriately sized in magnitude; and (F) be physically plausible. Also, it is
desirable I understand why this correction function is not necessary for PJ1 or for
other radio science investigations (e.g., Cassini).
Initial investigations suggest that one viable possible correction function is:
 = k
dVLOS
dt
(4.1)
Here VLOS is the line-of-sight velocity component. This putative correction
function is effectively equivalent to a correction function that is proportional to the
rate of change of received frequency. Figure 4.3, which shows dVLOS/dt for PJ3,
illustrates that this putative correction function satisfies requirements (A), (B), (C),
and (D).
Requirement (E) can be satisfied by appropriate selection of the constant k.
Figure 4.4 shows a set of time series of the “revised” intermediate TEC profile for
PJ3. Each panel shows an intermediate TEC profile derived using ∆ftrue derived
from ∆fobserved and the correction term kdVLOS/dt for different values of k. A pre-
torus baseline fit to TEC values before 16.44 hours is also shown on each panel.
Results are plausible when the post-torus TEC values lie close to the extrapolation
of the pre-torus baseline. Figure 4.4 shows that a unique solution exists for k that is
approximately 0.5 s km−1.
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Fig. 4.3: Line of sight velocity derivative for PJ3.
Figure 4.5 shows the “revised” final TEC profile for PJ3 in which the baseline
is subtracted from the “revised” intermediate TEC profile with k = 0.5 s km−1 to
account for changes in the solar wind conditions along the line-of-sight during the
observations. Here the independent variable time has been replaced by distance z
above the centrifugal plane, as defined more precisely in Section 4.5. Figure 4.5 also
shows a single Gaussian fit to the data. The peak TEC from the single Gaussian
fit is 22.17 ± 0.19 TECU at 17.54 hours. The peak TEC from the data is 23.24 ±
4.71 TECU with a peak time of 17.59 ± 0.19 hours. The resultant fit parameters are
realistic, which builds confidence in the validity of this correction approach.
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Fig. 4.4: Corrected versions of intermediate time series of total electron content for
PJ3 for k = 0, 0.2, 0.4, 0.45, 0.5, 0.55, 0.6 and 0.8 s km−1. Finer resolution is provided
around the optimal k = 0.5 s km−1.
4.3.2 Evaluation of correction term
Correction by the addition of a term proportional to the rate of change of the
line-of-sight velocity appears to work well. For PJ3, the derived TEC profile and
associated fit parameters appear reasonable (Figure 4.6). Furthermore, as will be
shown in Section 4.3.3, the same correction term gives reasonable results for PJ6
and PJ8 (Figures 4.7 and 4.8). As the putative correction term satisfies all the
requirements imposed upon it, I conclude that it is valid and use it in the remainder
of this work.
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Fig. 4.5: (top) Line of sight velocity corrected PJ 3 total electron content with single
Gaussian fit. The red line indicates the time of perijove. (bottom) Residuals between
single Gaussian fit and data.
4.3.3 Final TEC profiles for PJ3, PJ6, and PJ8
I apply the stated correction term with k = 0.5 s km−1 to the observed differ-
ential Doppler shift, derive the initial TEC profile, correct the initial TEC profile
for the contribution from Earth’s ionosphere to obtain the intermediate TEC profile,
and correct the intermediate TEC profile for the contribution from changes in the
solar wind by subtracting a polynomial baseline fit to obtain the final TEC profile
(middle panel of Figures 4.6, 4.7, and 4.8). The ionosphere and solar wind during
these perijoves is discussed in Appendix 4.A. Periods where torus contributions are
present are excluded from the baseline fit (Table 4.1).
The final TEC profiles are shown in Figure 4.9. The equivalent figure for PJ1 is
Figure 3.4. Potential errors introduced by uncertainty in the value of k are discussed
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Table 4.1: Time periods excluded from baseline fit for PJs 3, 6, and 8.
Perijove Torus start time Torus end time
UTC UTC
Perijove 3 16:23 18:23
Perijove 6 05:50 07:50
Perijove 8 20:58 22:58
in Section 4.5. The three final TEC profiles appear reasonable. The times of perijove
(highlighted) are not distinctive in any way in the TEC profiles. Figure 4.9 also
shows predicted TEC profiles from Model B of Chapter 3 and data-model residuals.
Asymmetries between shapes of the ingress (pre-peak TEC) and egress (post-peak
TEC) portions of a given observed TEC profile are common. For instance, on PJ6,
the ingress portion is steeper than the egress portion, while the opposite is true for
PJ8. Similar trends are seen in the model profiles, which demonstrates that these
asymmetries are caused by the evolution of the occultation geometry over the course
of the observation. Steep portions are associated with perijove, which is reasonable
as the spacecraft is moving fastest at that time.
4.4 Data-model comparison
Here I compare the observed TEC profiles to predictions from Model B of Chap-
ter 3. The comparisons are shown in figure 4.9. Observed and predicted peak TEC
values and times are listed in Table 4.2.
4.4.1 Perijove 3
Observed peak TEC values are 8 percent smaller than predicted peak TEC.
The observed time of peak TEC is 0.06 hours earlier than predicted. Although this
difference is smaller than the formal uncertainty in the observed time, the basic
shape of the observed profile appears shifted earlier than predictions. Such time
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Table 4.2: Observed and predicted time and value of maximum total electron content
for PJ3, PJ6, and PJ8. Peak time is observed time of maximum total electron
content. Peak TEC is observed value of maximum total electron content. Model
time is predicted time of maximum total electron content in the Model B of Chapter
3. Model TEC is predicted value of maximum total electron content in the Model B
of Chapter 3.
Perijove Date peak time peak TEC model time model TEC
hours TECU hours TECU
Perijove 1 Aug 27, 2016 13.93 ± 0.02 36.8 ± 2.1 13.89 26.94
Perijove 3 Dec 11, 2016 17.59 ± 0.19 23.32 ± 4.71 17.65 26.64
Perijove 6 May 19, 2017 06.84 ± 0.04 31.29 ± 4.89 06.83 27.05
Perijove 8 Sept 1, 2017 22.44 ± 0.07 33.68 ± 4.17 22.43 26.30
differences could be caused by displacement of the torus from its expected position
in the nominal centrifugal equator for the offset tilted dipole (OTD) approximation
to the magnetic field (Chapter 3). The observed wings of the torus are narrower
than predicted, which suggests that the scale height of the warm torus is smaller
than predicted. The absence of a narrow peak around the time of maximum TEC
suggests that the cold torus does not contribute appreciably to the observed TEC.
4.4.2 Perijove 6
The observed peak TEC is about 16 percent larger than predicted. The observed
and predicted times of peak TEC differ by only 0.01 hours. However, the basic
shape of the observed profile appears shifted later than predictions. The observed
and predicted wings of the torus have similar widths, which suggests that the scale
height of the warm torus is similar to predictions. A narrow peak around the time
of maximum TEC suggests an appreciable contribution from the cold torus to the
observed TEC.
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4.4.3 Perijove 8
The observed TEC is about 28 percent larger than predicted. The observed and
predicted times of peak TEC differ by only 0.01 hours. However, the basic shape of
the observed profile appears shifted earlier than predictions. The observed and pre-
dicted wings of the torus have similar widths, which suggests that the scale height of
the warm torus is similar to predictions. A narrow peak around the time of maximum
TEC suggests an appreciable contribution from the cold torus to the observed TEC.
TEC fluctuations are noticeably larger for PJ8 than PJ1, PJ3, or PJ6. I consider
two possible explanations: ionospheric conditions above the DSN ground station and
the solar wind. PJ3 occurred shortly after local sunrise at the DSN station, PJ6 oc-
curred at local nighttime, and PJ8 occurred during local mid-afternoon. Variations
in true ionospheric conditions relative to the smooth ionospheric correction provided
by DSN calibration files are likely to have been greatest for the local mid-afternoon
observations of PJ8. This appears as noise in the observed TEC profiles. Moreover,
PJ8 occurred near solar conjunction when the Sun-Earth-Jupiter angle was 42.5 de-
grees, which gives a distance of the ray path of 6.1 astronomical units (AU). PJ3
and PJ6 had Sun-Earth-Jupiter angles of 61.6 and 135.4 degrees, respectively. The
PJ3 observations had a distance of the ray path of 5.9 AU. The PJ6 observations
had a distance of the ray path of 4.7 AU. As solar wind density decreases with in-
creasing distance from the Sun, fluctuations in the solar wind contribution to TEC
will increase as the Earth-Sun-Jupiter angle decreases (Asmar et al., 2005). These
fluctuations, which will have been greatest for PJ8, appear as noise in the observed
TEC profiles. Either explanation could be responsible for the disturbed fluctuations
in the PJ8 TEC profiles.
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4.4.4 Initial synthesis
Observed peak TEC values are roughly 20-40 percent greater than predicted
on PJ1, PJ6, and PJ8, but about 10 percent smaller than predictions for PJ3. The
basic shape of the observed TEC profile appears shifted earlier than predictions for
PJ3 and PJ8, but later for PJ1 and PJ6. The scale height of the warm torus appears
consistent with predictions for PJ1, PJ6, and PJ8, but smaller than predicted for
PJ3. The presence of the cold torus is apparent for PJ1, PJ6, and PJ8, but not for
PJ3.
Displacement in time between the observed and predicted TEC profiles sug-
gests displacement of the torus from the model’s plane of the centrifugal equator, as
discussed by Chapter 3 for PJ1. Variations in peak TEC value, warm torus scale
height, and contribution by the cold torus suggest inherent variability in the den-
sity distribution of the torus. Possible causes include temporal variations associated
with volcanic activity on Io and spatial variations associated with Jupiter’s complex
magnetic field, which is fixed in System III longitude.
4.5 Fit of two Gaussian functions to TEC data
In order to better interpret the initial impressions reported in Section 4.4.4, I fit
the observed TEC profiles and consider the resultant fit parameters. Instead of fitting
the observed TEC as a function of time, I fit TEC as a function of z. For each Earth
received time, and hence each line of sight, z is defined as the z-coordinate of the
point along the Juno-Earth line of sight whose value of
√
(x2 + y2) equals 5.89 RJ ,
the orbital distance of Io. Here x, y, and z are expressed in the centrifugal coordinate
system introduced in Section 3.2. This position coordinate can be considered as the
distance above the centrifugal equator at which the line-of-sight encounters the torus.
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The data are now fit using the two Gaussian fit from Chapter 3. This fit function
is
TEC(z) = a1e
−(z−b1)2/c21 + a2e−(z−b2)
2/c22 , (4.2)
where z is the distance from the centrifugal equator, an is the peak TEC, bn is the
peak location offset, and cn is the scale height. This function is used with PJ3, PJ6,
and PJ8 to derive the peak TEC, peak location offset, and scale height for both the
cold torus (smaller scale height, subscript 1) and the torus beyond 5.5 RJ (larger
scale height, subscript 2). The ribbon and warm torus are combined into “the torus
beyond 5.5 RJ” as the data are not sufficient to constrain a third Gaussian term
(Chapter 3).
The resulting fit parameters for PJ3, PJ6, and PJ8 are presented in Table 4.3.
For each perijove, predicted, initial guess, and best-fit values of fit parameters are
provided. Predicted fit parameters come from a fit to Model B of Chapter 3 using
appropriate geometry for each occultation. Initial guess fit parameters come from
fitting the data using the MatLab curve fitting routine. The best-fit values of fit
parameters come from fitting the data using a Markov Chain Monte Carlo (MCMC)
python routine that assumes a normal distribution for the parameters (Foreman-
Mackey et al., 2013) and uses the stated initial guesses. 105 runs were conducted
for each perijove; the resultant best-fit values and their uncertainties are reported in
Table 3.2.
In order to account for possible errors in my adopted correction method, each
run randomly selected a value for the correction term k from a uniform distribution
between 0.45 and 0.55 s km−1.
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Table 4.3: Parameters of two-Gaussian fit to observed TEC profiles. As discussed in
the text, predicted values are from a model, initial guess values are from a preliminary
fit to observations, and best-fit values are from a final fit to observations. PJ1 values
are reproduced from Chapter 3.
Cold Torus
torus R>5.5RJ
Value Peak
TEC
Offset Scale
height
Peak
TEC
Offset Scale
height
a1 b1 c1 a2 b2 c2
TECU RJ RJ TECU RJ RJ
Perijove 1
Best-fit 8.18±
1.80
-0.044±
0.024
0.348±
0.051
29.3±
2.7
-0.246±
0.056
1.18±
0.13
Perijove 3
Predicted 5.26 -0.060 0.209 21.6 0.082 1.10
Initial guess 2.49 0.020 0.13 21.58 0.203 0.85
Best-fit 3.25±
0.93
0.015±
0.025
0.179±
0.045
20.9±
2.7
0.249±
0.047
0.891±
0.112
Perijove 6
Predicted 5.16 0.045 0.204 21.9 -0.021 1.08
Initial guess 8.95 0.028 0.196 22.66 -0.156 0.97
Best-fit 8.29±
1.01
0.028±
0.010
0.177±
0.019
23.5 ±
2.9
-0.120 ±
0.048
0.946±
0.121
Perijove 8
Predicted 5.23 -0.082 0.210 21.5 0.102 1.07
Initial guess 13.14 -0.070 0.24 22.38 0.25 0.95
Best-fit 12.3±
1.5
-0.078±
0.011
0.226±
0.022
22.9±
2.7
0.224±
0.068
0.878±
0.091
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4.5.1 Perijove 3
The fit to PJ3 data is shown in Figure 4.10. The values of the fit parameters
are shown in Table 3.2. For the cold torus, the peak total electron content is 62
± 18 percent of the predicted value and the scale height is 86 ± 22 percent of the
predicted value. For the torus beyond 5.5 RJ , the peak total electron content is 97
± 13 percent of the predicted value and the scale height is 81 ± 10 percent of the
predicted value. The χ2 for the fit was 0.10.
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Fig. 4.10: (top) Two Gaussian fit to the corrected final total electron content for
PJ3 (k = 0.5 s km−1)). (bottom) Residuals between data and fit.
Parameters b1 and b2 indicate offsets in the fitted peak total electron contents
from the OTD nominal centrifugal equator. Both predicted offsets are non-zero,
even though the model was defined to be symmetric about the centrifugal equator.
Specifically, the peak offset values for the model are -0.06 RJ for b1 and 0.082 RJ for
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b2 during PJ3. As discussed in Chapter 3, these non-zero values are artifacts of the
geometry between the Juno-Earth lines-of-sight and the Io plasma torus. The lines-
of-sight are not parallel to the OTD nominal centrifugal equator. When the PJ3 line
of sight passes through the OTD nominal centrifugal equator at
√
x2 + y2 = 5.89RJ ,
the expected distance of peak density in the warm torus, Juno is at
√
x2 + y2 =
0.88 RJ and z = 0.67 RJ . Therefore this line of sight is at an angle of 7.6 degrees
to the OTD nominal centrifugal equator. Consequently, the line of sight for which
the model cold torus TEC is greatest passes through the OTD nominal centrifugal
equator at a radial distance of 5.45 RJ . Similarly the line of sight for which the model
“torus beyond 5.5 RJ” TEC is greatest passes through the OTD nominal centrifugal
equator at a radial distance of 6.50 RJ . As discussed below, these radial distances
were used to infer the tilt of the torus.
Differences between predicted positions and best-fit positions (Table 3.2) indi-
cate how observed torus regions are displaced from their expected locations. ∆b1
is 0.075 ± 0.025 RJ for the cold torus and ∆b2 is 0.167 ± 0.047 RJ for the torus
beyond 5.5 RJ . As discussed in Chapter 3, each offset can be related to the angular
tilt of the observed plane of that torus region relative to the predicted plane in the
OTD nominal centrifugal equator. Specifically, the angular tilt αn = arcsin
(
∆bn
Rn
)
.
Rn is the radial peak location of the cold torus and the torus beyond 5.5 RJ (5.45
and 6.50 RJ , respectively, as discussed above). In this representation, a positive αn
corresponds to the observed plane of the torus being above the nominal centrifugal
equator and a negative αn corresponds to the observed plane of the torus being below
the nominal centrifugal equator. Chapter 3 reported absolute values of tilts without
emphasizing direction. Their inferred tilt values were negative (e.g., -1.6 degrees for
the overall torus). For PJ3, I used the values stated above to find tilt angles αn of
0.79 ± 0.26 degrees for the cold torus and 1.47 ± 0.41 degrees for the torus beyond
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5.5 RJ . If the two tilts are weighted by the fitted peak total electron content values,
then the average tilt is 1.38 degrees. This is opposite in direction and 0.22 degrees
smaller in magnitude than the tilt reported by Chapter 3 for PJ1.
4.5.2 Perijove 6
The fit to PJ6 data is shown in Figure 4.11. The values of the fit parameters are
shown in Table 3.2. For the cold torus, the peak total electron content is 161 ± 20
percent of the predicted value and the scale height is 87 ± 10 percent of the predicted
value. For the warm torus, the peak total electron content is 107 ± 13 percent of the
predicted value and the scale height is 88 ± 11 percent of the predicted value. The
χ2 for the fit was 0.047.
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Fig. 4.11: (top) Two Gaussian fit to the corrected final total electron content for
PJ6 (k = 0.5 s km−1)). (bottom) Residuals between data and fit.
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The peak offset values for the model are 0.045 RJ for b1 and -0.021 RJ for b2
during PJ6. When the PJ6 line of sight passes through the OTD nominal centrifugal
equator at
√
x2 + y2 = 5.89RJ , the radial distance of the peak of the warm torus,
Juno is at
√
x2 + y2 = 1.09 RJ and z = -0.31 RJ . Therefore this line of sight is
at an angle of -3.6 degrees to the OTD nominal centrifugal equator. Consequently,
the line of sight for which the model cold torus TEC is greatest passes through the
OTD nominal centrifugal equator at a radial distance of 5.18 RJ . Similarly the line
of sight for which the model “torus beyond 5.5 RJ” is greatest passes through the
OTD nominal centrifugal equator at a radial distance of 6.22 RJ .
∆b is -0.017 ± 0.010 RJ for the cold torus and ∆b2 is -0.090 ± 0.048 RJ for the
torus beyond 5.5 RJ . Using these values, I find tilt angles αn of -0.19 ± 0.11 degrees
for the cold torus and -0.91 ± 0.44 degrees for the torus beyond 5.5 RJ . If the two
tilts are weighted by the fitted peak total electron content values, then the average
absolute tilt is 0.72 degrees, which is 0.88 degrees smaller than the absolute angle of
1.6 degrees found for PJ1 by Chapter 3.
4.5.3 Perijove 8
The fit to PJ8 data is shown in Figure 4.12. The values of the fit parameters
are shown in Table 3.2. For the cold torus, the peak total electron content is 235
± 29 percent of the predicted value and the scale height is 107 ± 10 percent of the
predicted value. For the warm torus, the peak total electron content is 107 ± 13
percent of the predicted value and the scale height is 82 ± 9 percent of the predicted
value. The χ2 for the fit was 0.11.
The peak offset values for the model are -0.082 RJ for b1 and 0.102 RJ for b2
during PJ8. When the PJ6 line of sight passes through the OTD nominal centrifugal
equator at
√
x2 + y2 = 5.89RJ , the radial distance of the peak of the warm torus,
Juno is at
√
x2 + y2 = 0.82 RJ and z = 0.87 RJ . Therefore this line of sight is at
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Fig. 4.12: (top) Two Gaussian fit to the corrected final total electron content for
PJ8 (k = 0.5 s km−1)). (bottom) Residuals between data and fit.
an angle of 9.7 degrees to the OTD nominal centrifugal equator. Consequently, the
line of sight for which the model cold torus TEC is greatest passes through the OTD
nominal centrifugal equator at a radial distance of 5.41 RJ . Similarly the line of
sight for which the model “torus beyond 5.5 RJ” is greatest passes through the OTD
nominal centrifugal equator at a radial distance of 6.49 RJ .
∆b is 0.005 ± 0.011RJ for the cold torus and ∆b2 is 0.122 ± 0.068 RJ for the
torus beyond 5.5 RJ . Using these values, I find tilt angles αn of 0.05 ± 0.12 degrees
for the cold torus and 1.08 ± 0.60 degrees for the torus beyond 5.5 RJ . If the two tilts
are weighted by the fitted peak total electron content values, then the average tilt
is 0.72 degrees, which is 0.88 degrees smaller than the absolute angle of 1.6 degrees
found for PJ1 by Chapter 3.
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4.6 Discussion
The Juno radio occultations on PJ1, PJ3, PJ6, and PJ8 show some variability
between the profiles. This variability could be due to System III longitude or time.
Each perijove provides a torus TEC profile at System III longitudes of 184, 60, 213,
and 10 degrees, respectively. However, note that these stated System III longitudes
correspond to the longitude at which the line of sight crosses the OTD nominal
centrifugal equator at
√
x2 + y2 = 5.89RJ . Each occultation actually samples a
range of longitudes as shown in Table 4.4. I neglect this finite longitudinal extent in
the analysis reported herein.
Table 4.4: Date, time, and System III longitude for Juno radio occultations. The
start and end times correspond to the approximate Juno-Earth lines of sight that
pass through the Io plasma torus densities.
Torus
Start
Torus
Peak
Torus
End
Torus
Start
Torus
Peak
Torus
End
Perijove Date time time time λIII λIII λIII
UTC UTC UTC degrees degrees degrees
Perijove 1 Aug 27, 2016 13:10 13:56 15:04 157 184 232
Perijove 3 Dec 11, 2016 16:38 17:38 18:18 37 60 100
Perijove 6 May 19, 2017 5:50 6:50 7:50 187 213 258
Perijove 8 Sept 1, 2017 21:24 22:24 23:24 348 10 48
Figure 4.13 shows the observed angular tilts, fitted peak TEC values, and fitted
scale heights for each torus region and each perijove as functions of System III lon-
gitude. In this section, I interpret the importance of System III longitude for each
of these parameters. Hess et al. (2011) discussed the System III longitude variations
as being created by variations in the hot electron populations interactions with the
magnetic field. In the last section I discuss the potential for temporal variability.
134
−3
−2
−1
0
1
2
3
a
n
gl
e 
of
fs
et
 fr
om
 O
TD
 m
od
el
 (d
eg
ree
s)
 
 
Cold torus this work
Torus > 5.5 RJ this work
Torus > 5.5 RJ PJ1
Cold torus PJ1
mean of PJ1
mean of this work
Schneider and Trauger 1995
0 90 180 270 360
0
0.2
0.4
0.6
0.8
1
1.2
1.4
System III longitude (degrees)
sc
a
le
 h
ei
gh
t (R
J)
 
 
Torus > 5.5 RJ this work
Cold torus this work
Torus > 5.5 RJ PJ1
Cold torus PJ1
0
5
10
15
20
25
30
35
TE
C d
at
a 
(10
16
 
m
−
2 )
 
 
Torus > 5.5 RJ this work
Cold torus this work
Torus > 5.5 RJ PJ1
Cold torus PJ1
Steffl et al. (2006)
Steffl et al. (2006)
Average
longitude
uncertainty
Fig. 4.13: (top) Dependence on System III longitude of angular offsets in loca-
tions of torus regions from nominal centrifugal equator. Dotted line is based off of
ground-based optical observations (Schneider and Trauger , 1995). The black line
in the bottom right hand corner represents the longitude range of a single perijove.
(middle) Dependence on System III longitude of fitted peak total electron content
of torus regions. Horizontal lines show the median value of the Juno observations.
Dashed and dotted lines show a prediction based upon Cassini ultraviolet spectrom-
eter observations (Steﬄ et al., 2006). (bottom) Dependence on System III longitude
of fitted scale height of torus regions. Horizontal lines show the median values of the
Juno observations. (all) Blue and red symbols show Juno radio occultation results
for the cold torus and torus beyond 5.5 RJ , respectively.
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4.6.1 Angular tilt
In an analysis of ground-based optical observations, Schneider and Trauger
(1995) showed that the ribbon location was displaced from the centrifugal equa-
tor predicted by an “offset tilted dipole” magnetic field model. The angular offsets
found for the ribbon, a part of the “torus beyond 5.5 RJ”, by Schneider and Trauger
(1995) are also shown in the top panel of Figure 4.13 alongside the angular tilt results
of this work. The angular tilt of the cold torus found in this work matches the trend
seen in ground-based observations remarkably well. Although Schneider and Trauger
(1995) use the O4 offset tilted dipole (OTD), the difference between the Chapter 3
model with the VIP4 OTD and the O4 OTD is negligible. The angular tilt of the
torus beyond 5.5 RJ found in this work is roughly consistent with the same sinusoidal
trend and phasing, but has an amplitude approximately 1.5–2 times greater. That
is merely a general impression: the ratio of angular tilts between the two regions is
not constant with longitude.
4.6.2 Peak total electron content
In an analysis of Cassini ultraviolet observations, Steﬄ et al. (2006) found tem-
poral and azimuthal variations in the Io plasma torus electron densities. They found
that the densities, for all regions together, varied sinusoidally with an amplitude of
5 percent and that peak density occurred at a System III longitude of 160 degrees.
Considerable scatter existed around this trend, with many points displaced from
this trend by up to 15 percent. The middle panel of Figure 4.13 adapts the density
variation into TEC variations for the cold torus and torus beyond 5.5 RJ . For the
variation I use the median of the Juno fitted TEC, 23.2 TECU for the torus beyond
5.5 RJ and 8.2 TECU for the cold torus. The fitted peak TEC values for the torus
beyond 5.5 RJ are consistent with the 5 percent variation and 160 degree phase of
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the density variations reported by Steﬄ et al. (2006), but they are also consistent
with no variation with System III longitude. The outlier of PJ1 could be temporal
and not spatial variability.
The fitted peak TEC values for the cold torus are not consistent with the am-
plitude and phase of the density variations reported by Steﬄ et al. (2006). This
is reasonable since the variations from Steﬄ et al. (2006) are for an averaged torus.
The fitted values vary from around 3.25 TECU to 12.2 TECU (roughly 50–60 percent
variation around the median of 8.2 TECU). No smooth dependence on System III
longitude is apparent for this parameter.
4.6.3 Scale height
Scale height is a proxy for the parallel ion temperature (Equation 1.27). Varia-
tions in ground-based observations of parallel ion temperature with System III longi-
tude have been discussed by Brown (1995), Schneider and Trauger (1995), Schneider
et al. (1997), and Herbert et al. (2008). They found that the parallel ion tempera-
ture varied sinusoidally as a function of System III longitude and the temperature
variations were also different in the dawn and dusk ansae. For dusk observations of
the ribbon, Herbert et al. (2008) found parallel ion temperatures to have a maximum
at System III longitude of 30 degrees (50 eV) and a minimum at around 240 degrees
(15–20 eV). For dawn observations of the ribbon, Herbert et al. (2008) found parallel
ion temperatures to have a maximum at System III longitude of 240 degrees (40 eV)
and a minimum at around 120 degrees (20 eV). For dusk observations of the cold
torus, Herbert et al. (2008) found parallel ion temperatures to have a maximum at
System III longitude of 60 degrees (5 eV) and a minimum at around 240 degrees (2
eV). For dawn observations of the cold torus, Herbert et al. (2008) found parallel ion
temperatures to have a maximum at System III longitude of 200 degrees (3.5 eV)
and a minimum at around 60 degrees (2 eV).
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The bottom panel of Figure 4.13 shows variations in scale heights found from
Juno radio occultations with System III longitude. The Juno data come from the
noon sector, not the dawn or dusk sectors accessible to ground-based observations.
For both the cold torus and the torus beyond 5.5 RJ , the Juno scale heights
have a maximum around 180 degrees System III longitude and a minimum around
60 degrees. However, the longitudinal resolution is extremely poor given four current
occultations. The median scale height is 0.20 RJ for the cold torus and 0.92 RJ for
the torus beyond 5.5 RJ .
4.6.4 Temporal Variability
The Io plasma torus has been shown to vary temporally as well as with System
III (Nozawa et al., 2004; Steﬄ et al., 2008; Schmidt et al., 2018). The time between
two perijoves is approximately 53 days.
Figure 4.14 shows the temporal variability between the perijoves. The time
variability this probes is 106 days or longer. There are two time ranges. One time
range is 106 days for PJ1–PJ3 and PJ6–PJ8. The other time span is from PJ3–
PJ6 which is 159 days. It is difficult to tell if the variability seen here is temporal
or System III variation. The offsets from dipolar are mostly affected by magnetic
field geometry and therefore the variation shown here is mostly due to changes in
System III. There is limited variability in the scale heights and densities in the torus
> 5.5RJ . This variability could be either System III or temporal. The cold torus’
TEC variations are larger than any shown before and are more likely related to
temporal variations rather than any System III variability.
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Fig. 4.14: (top) Dependence on time for angular offsets in locations of torus regions
from nominal centrifugal equator. (middle) Dependence on time for fitted peak total
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the cold torus and torus beyond 5.5 RJ , respectively.
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4.7 Concluding Remarks
Juno conducted gravity science observations, including Io plasma torus radio
occultations, on Perijoves 1, 3, 6, and 8. Different observing modes were used on
PJ1 and Perijoves 3, 6, and 8. On PJ1, Juno transmitted coherent X-band and Ka-
band signals referenced to an X-band signal uplinked from DSS-55 at Madrid (Folkner
et al., 2017). In this mode, total electron content values could be determined directly
from received frequencies. On Perijoves 3, 6, and 8, Juno transmitted non-coherent
X-band and Ka-band signals. The X-band downlink was referenced to an X-band
uplink from DSS-25 (Goldstone) and the Ka-band downlink was referenced to a
Ka-band uplink from the same antenna. In this mode, total electron content values
could only be determined from frequency residuals, which are much smaller and more
challenging to measure accurately. An error of some kind is present in the raw data
products for Perijoves 3, 6, and 8. This is shown by the unphysical total electron
content profiles that they produce. The error is eliminated by the incorporation of
a correction term proportional to the rate of change of line-of-sight velocity between
the antenna and Juno. This correction term is physically motivated and exactly the
same correction yields satisfactory results for all three perijoves.
This shows that the radio frequencies from the Juno spacecraft can determine
variability in the total electron content and scale height of the Io plasma torus. I
also show variability in location of the Io plasma torus equator. Thus, the answer
to the question posed at the beginning of the chapter, “How do the total electron
content and scale height of distinct torus regions vary with System III longitude?”,
is that it’s complicated.
Previous observations of the torus from Cassini (Steﬄ et al., 2006) and Earth
based observatories (Schneider and Trauger , 1995; Schneider et al., 1997; Nozawa
et al., 2004; Herbert et al., 2008; Tsuchiya et al., 2015) found the electron and ion
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density and temperatures to vary sinusoidally with System III longitude. For Juno,
the warm torus peak TEC varies with System III longitude, but does not appear to
do so sinusoidally. However, fitted scale heights for both the cold torus and warm
torus do vary with System III longitude in a manner that could be consistent with a
sinusoidal variation.
Cold torus properties vary greatly between these Perijoves. The cold torus TEC,
which can be considered proportional to peak density in this region, varies from a
minimum values of 3.25 ± 0.93 ×1016 m−3 during PJ3 to a maximum values of 12.3
± 1.50 ×1016 m−3 during PJ8. The scale height of the cold torus varies from a
minimum value of 0.177 ± 0.019 RJ during PJ6 to a maximum value of 0.348 ±
0.051 RJ during PJ1.
By contrast, properties of the torus beyond 5.5 RJ do not vary as much between
these perijoves. Three of the four peak TEC values are within about 10 percent of
23.2 TECU. The outlier is PJ1, where the peak TEC is about 30 percent greater.
The relevant scale heights vary from a minimum value of 0.878 ± 0.091 RJ during
PJ8 to a maximum value of 1.18 ± 0.13 RJ during PJ1. All values are within 20
percent of 1 RJ .
Answers to the second question posed in this chapter, “Are distinct torus regions
located at the centrifugal equator?”, is again complicated. This last question is more
complicated than the scale heights or total electron content. The angular offsets of
torus regions from the nominal plane of the centrifugal equator vary between the
four perijoves. The angular offset of the torus beyond 5.5 RJ varies between -2 and
1 degrees. The angular offset of the cold torus varies less, between -1 and 1 degrees.
These variations appear controlled by System III longitude. I hypothesize that they
may be caused by higher-order multipoles in the magnetic field structure, which
distort the planar centrifugal equator predicted for a dipole field. The angular offset
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of the cold torus exhibits a clear sinusoidal dependence on System III longitude that
is remarkably similar to the dependence found for ground-based observations of the
ribbon. The offsets found from the dipole model for the cold torus are consistent
with those found from by Schneider and Trauger (1995) for the ribbon. Herbert et al.
(2008) found the ribbon offset from the cold torus positions. An explanation of this
variability is discussed in Chapter 5.
4.A Appendix A: Solar wind and ionosphere contributions
In the text of Section 4.3.3 I state that the ionosphere and solar wind
background can be subtracted with high order polynomial fits. To test the
statement I make about the solar wind and ionosphere corrections I use the
Enlil (https://iswa.gsfc.nasa.gov/IswaSystemWebApp/) and Madrigal databases
(http://cedar.openmadrigal.org/list/), respectively. The Enlil is a simulation of the
solar wind between the Sun and 5.2 AU. This is perfect for looking for solar wind
density that could affect the radio occultations. The Madrigal database collects the
worldwide network of ionospheric measurements and includes the worldwide GPS
data.
Figure 4.15 and 4.16 shows the Enlil simulations on the day of perijove and
the day after. There is no simulation for the time during PJ6. Similar to PJ1, there
does not appear to be any large density fluctuations during the times of perijove that
could cause any blobs to be mistaken as torus density.
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(a) December 11, 2016 08:00 UTC
(b) December 12, 2016 08:00 UTC
Fig. 4.15: Solar wind Enlil simulation during PJ3. The two panels shows the day of
perijove and the day after.
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(a) September 1, 2017 13:00 UTC
(b) September 2, 2017 12:00 UTC
Fig. 4.16: Solar wind Enlil simulation during Perijove 8. The two panels shows the
day of perijove and the day after.
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Figure 4.17, 4.18, and 4.19 shows the GPS TEC data during a three hour span
around perijove. Unlike PJ1, which was observed with the Madrid DSN station,
the other Perijoves focus on the region above the western United States since they
were observed at the Goldstone, CA DSN station. PJ3 occurs during the morning
hours in Goldstone, CA. This causes some increase in variability but the increase
should be accounted for in the .ion file. During PJ6 the observations occurred during
the early night and the TEC was decreased in value and there was no short time
variability. PJ8 occurred during the mid-afternoon hours where the ionosphere has
its largest density, as can be seen in Figure 4.19. Compared to the other perijove
time ranges this is the largest and most variable TEC map over the time of the Io
torus occultation. This is assumed to contribute to the increase in noise in the Io
torus TEC profile.
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(a) 16:00-16:20 hours (b) 16:20-16:40 hours
(c) 16:40-17:00 hours (d) 17:00-17:20 hours
(e) 17:20-17:40 hours (f) 17:40-18:00 hours
(g) 18:00-18:20 hours (h) 18:20-18:40 hours
(i) 18:40-19:00 hours (j) 19:00-19:20 hours
Fig. 4.17: Earth’s ionosphere TEC during perijove 3. Each panel is an average over
20 minutes during the time range of the Io torus occultation.
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(a) 05:00-05:20 hours (b) 05:20-05:40 hours
(c) 05:40-06:00 hours (d) 06:00-06:20 hours
(e) 06:20-06:40 hours (f) 06:40-07:00 hours
(g) 07:00-07:20 hours (h) 07:20-07:40 hours
(i) 07:40-08:00 hours (j) 08:00-08:20 hours
Fig. 4.18: Earth’s ionosphere TEC during perijove 6. Each panel is an average over
20 minutes during the time range of the Io torus occultation.
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(a) 21:00-21:20 hours (b) 21:20-21:40 hours
(c) 21:40-22:00 hours (d) 22:00-22:20 hours
(e) 22:20-22:40 hours (f) 22:40-23:00 hours
(g) 23:00-23:20 hours (h) 23:20-23:40 hours
(i) Sept 1 23:40- Sept 2 00:00 hours (j) Sept 2 00:00-00:20 hours
Fig. 4.19: Earth’s ionosphere TEC during perijove 8. Each panel is an average over
20 minutes during the time range of the Io torus occultation.
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4.B Appendix B: Perijove 3, 6, and 8 trajectory
Figures 4.20, 4.21, and 4.22 present the trajectory of the Juno spacecraft during
PJ3, PJ6, and PJ8, similar to Figure 3.1. This gives an idea of the geometry of
the lines of sight used for modeling the occultation. For each Figure, cylindrical
coordinates are used such that the vertical axis shows distance above the plane of
the centrifugal equator and the horizontal axis shows distance in the plane of the
centrifugal equator. The red disk at the origin shows Jupiter. Black triangles show
the position of Juno at 1000 second intervals. The apparent reversal of Juno’s motion
at ±2 RJ above the centrifugal equator is not real; it is an artifact of the chosen
coordinate system. Red dashed lines show lines-of-sight from Juno to Earth at the
same intervals. The cyan dashed lines indicate the approximate times where the Juno
lines of sight pass through the torus. The location of Juno for those lines of sight are
indicated with blue circles. The shaded contours show IPT electron densities from
Model B in Chapter 3. In each figure, the motion of the Juno spacecraft is from the
top to the bottom.
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Fig. 4.20: Illustration of the geometry of the PJ3 occultation of the Io plasma torus.
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Fig. 4.21: Illustration of the geometry of the PJ6 occultation of the Io plasma torus.
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Fig. 4.22: Illustration of the geometry of the PJ8 occultation of the Io plasma torus.
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4.C Appendix C: MCMC fit parameter distribution
Figures 4.23, 4.24, and 4.25 shows the corner plot created from all MCMC
runs. The corner plot is a representation of the 1-D and 2-D distribution functions
of the MCMC fit parameters. The shape of the probability distribution functions
(the 1-D histrograms on the diagonal of Figure 3.12) are seen to be mostly Gaussian
for all parameters. The off diagonal panels of Figure 3.12 show the 2-D probability
distributions for the torus fit parameters. The contours here represent the 1-sigma,
2-sigma, and 3-sigma levels. In the 2-D representations, these correspond to 39.3%,
86.5%, and 98.9% of the volume of parameter space (unlike the 68%, 95%, and 99.7%
of the 1-D probability distributions). In each of the 2-D plots there is the fitted value
with the error bars.
As with the Perijove 1 data, most of the parameters are uncorrelated. There
are, however, some correlated parameters, most notably the cold torus TEC and H
and the cold torus TEC with the warm torus H.
In each of the 2-D plots there is the fitted value with the error bars. The un-
certainty in the fitted parameter overestimates the 1-sigma uncertainty for the cor-
relation of the parameters. Thus, the uncertainties in Table 3.2 reasonably represent
the uncertainties and cover the correlation between the parameters.
152
0.
0
0.
2
0.
4
of
fs
et
co
ld
0.
2
0.
4
0.
6
0.
8
H
co
ld
16
24
32
T
E
C
w
a
rm
0.
1
0.
2
0.
3
0.
4
0.
5
of
fs
et
w
a
rm
1.
5
3.
0
4.
5
6.
0
TECcold
0.
8
1.
2
1.
6
2.
0
H
w
a
rm
−
0.
05
0.
00
0.
05
0.
10
offsetcold
0.
08
0.
16
0.
24
0.
32
0.
40
Hcold
16 20 24 28
TECwarm
0.
16
0.
24
0.
32
0.
40
offsetwarm
0.
8
1.
0
1.
2
1.
4
Hwarm
Fig. 4.23: Corner plot of MCMC for PJ3.
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Fig. 4.24: Corner plot of MCMC for PJ6.
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Fig. 4.25: Corner plot of MCMC for PJ8.
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5
Effect of Magnetic Field Model on
Location of the Centrifugal Equator and
the Geometry of the Io Plasma Torus
5.1 Introduction
The plasma of the Io plasma torus, or IPT, is distributed along the magnetic
field lines through interactions with the centrifugal and magnetic forces. The balance
of the two forces causes the plasma to be pushed to the point on the magnetic field
line that is located furthest away from the rotation axis (Hill et al., 1974; Vasyliunas ,
1983; Khurana et al., 2004; Thomas et al., 2004). These points along the field lines
make up the centrifugal equator. The centrifugal equator, which is the equator of the
torus, is the location of the maximum density in the torus. Therefore, the maximum
density, corresponding to the maximum total electron content in radio occultations
or the maximum brightness in emission, can be used to determine the location of the
centrifugal equator.
Previous observations have suggested that the concept of a planar Io plasma
torus and, by extension, a planar centrifugal equator, is oversimplified (e.g., Schneider
and Trauger , 1995; Herbert et al., 2008). Instead, the plasma torus appears “warped
like a potato chip” (Herbert et al., 2008). Such warping could be explained by the
nature of Jupiter’s magnetic field. If Jupiter’s magnetic field can be represented by
a tilted dipole centered at Jupiter’s center of mass, then the centrifugal equator is
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predicted to be a plane. However, higher-order moments in the magnetic field lead to
higher-order structure in the surface of the centrifugal equator, distorting its shape
from a plane. Observations of the location of the Io plasma torus provide constraints
on the magnetic field in the inner magnetosphere. Schneider and Trauger (1995)
showed that the centrifugal equator predicted using higher order moments of the
time, the O4 and O6 models, matched their torus location observations better than
the simple offset tilted dipole model.
The previous chapters discussed the determination of plasma in the Io plasma
torus from Juno radio occultations. In Chapter 4 there was a hint that the location
of the plasma in the torus deviated from the expected dipolar configuration. The aim
of this chapter is to determine the centrifugal equator from magnetic field models,
compared to the dipole field approximation, and then compare to results from the
Juno radio occultations. This provides an answer to the question, Are distinct torus
regions located at the centrifugal equator?
5.2 Magnetic field models
The planetary magnetic field can be defined as the gradient of a scalar potential,
⇀
B =
⇀
∇V . The scalar potential is defined by a spherical harmonic expansion of the
following form (e.g Chapman and Bartels , 1940; Connerney et al., 1998, 2018):
V = a
nmax∑
n=1
(a
r
)n+1 n∑
m=0
{Pmn (cos θ) [gmn cosmφ+ hmn sinmφ]} (5.1)
where a is the equatorial radius of Jupiter, r is the radial distance to the planet’s
center, angle θ is the colatitude, and angle φ is the longitude. The Pmn (cos θ) are
the Schmidt-normalized associated Legendre functions of degree n and order m. The
coefficients gmn and h
m
n are the internal field parameters called Schmidt coefficients.
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The scalar potential representation of the magnetic field can be used with mag-
netometer data to determine the coefficients for the field. The field models for Jupiter
are found as a partial solution to a linearized system
⇀
y =
↔
A
⇀
x (Connerney , 1981).
⇀
y
is the column vector of observations,
↔
A is the matrix of partial derivatives relating
observations to model parameters, and
⇀
x is the column vector of parameters. The
dipole parameters, dipole moment (M), dipole tilt (θM), and orientation (λM), are
determined using the g01, g
1
1, and h
1
1 coefficients as follows (Khurana et al., 2004):
M =
√
(g01)
2
+ (g11)
2
+ (h11)
2
(5.2)
θM = tan
−1
(√
(g11)
2
+ (h11)
2
/g01
)
(5.3)
λM = tan
−1 (h11/g11) . (5.4)
The dominant magnetic field model used up to this point is the VIP4 model
(Connerney et al., 1998). The Juno mission has a goal to determine the higher order
moments of the magnetic field to get a better understanding of the magnetic field
creation region. After PeriJove 9 (PJ9) the Juno team released a updated model
called JRM09 (Connerney et al., 2018).
5.2.1 VIP4 model
The VIP4 model stands for Voyager, Io, and Pioneer 4th order model (Con-
nerney et al., 1998). This model uses data from the Voyager and Pioneer spacecraft
and the latitudes of the Io flux tube footprint data from UV auroral imagery. The
model extends the spherical harmonics out to fourth order. The dipole approxima-
tion comes from using the first parameters in the expansion. The dipole parameters
determined for this model are M = 4.264 Gauss, θM = 9.5 degrees, and in System
III coordinates λM = 200.8 degrees.
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5.2.2 JRM09
The JRM09 model stands for “Juno Reference Model through Perijove 9” (Con-
nerney et al., 2018). This model uses observations from the Juno spacecraft made
within 7 RJ of Jupiter during the first 9 orbits. This model also calculates the spher-
ical harmonic expansion through degree 20 but values are only well defined through
degree 10. The dipole approximation can be determined from the first parameters
in the expansion. The dipole parameters determined for this model are M = 4.170
Gauss, θM = 10.31 degrees, and in System III coordinates λM = 196.61 degrees.
These parameters are stated for reference but I only use the VIP4 dipole parameters
for the dipole approximation since the reference Io torus models of chapter 2, 3, and
4 used the VIP4 dipole parameters.
5.3 The Centrifugal Equator
The centrifugal equator is defined as the locus of points on magnetic field lines
that lie the furthest away from the rotational axis. In the dipole approximation this
is defined as (Hill et al., 1974; Vasyliunas , 1983; Khurana et al., 2004),
tan θ =
−4/3 tanα cosφ
1∓
√
1 + 8/9 tan2 α cos2 φ
=
−4/3 tanα cosλIII
1∓
√
1 + 8/9 tan2 α cos2 λIII
(5.5)
where θ is the angle from the rotational equator to the centrifugal equator, α is the
tilt of the dipole approximation from the equator (9.6 degrees for the VIP4 model),
and φ is the right handed System III (magnetic) longitude. System III is the Jupiter
rotational coordinate system and is defined in Chapter 3.2. The nominal System III
longitude is the left handed system which is defined as λIII = 360 − φ. From this
I determine a predicted centrifugal equator (shown in Figure 5.1). This predicted
centrifugal equator assumes a dipole approximation for the field structure.
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Fig. 5.1: The red points indicate the centrifugal equator derived from Equation 5.5.
In reality, the magnetic field contains higher order moments. The VIP4 model
from Connerney et al. (1998) and the JRM09 model from Connerney et al. (2018)
include the higher order moments of the field (as discussed in Section 5.2). To derive
the centrifugal equator from the field models I use the spherical harmonics to trace
the field lines from each model. For each field line I traced the point that is the
maximum radial distance away from the rotational axis,
√
x2 + y2 where x and y are
the coordinates of the field line in System III coordinates. Repeating this for each
field line from a radius of 5 Jupiter radii (RJ) to 10 RJ gives the points that define
the centrifugal equator surface.
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5.3.1 VIP4 Centrifugal Equator
The model can be run in multiple configurations. Assuming dipolar components
only I found that the magnetic field model centrifugal equator matches that predicted
by Equation 5.5. This proves the validity of using the models to derive the centrifugal
equator. This model is used as the reference magnetic field model for calculation of
the future offsets.
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Fig. 5.2: Comparison of centrifugal equator predicted by dipolar approximation and
from the full VIP4 model. The multicolored points indicate the difference between
the VIP4 model centrifugal equator and the centrifugal equator predicted by the
dipole approximation.
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The VIP4 model goes out to 4th order. The centrifugal equator, from the full
VIP4 model, offsets from dipolar are shown in Figure 5.2. This distributes around
every 10 degrees of longitude from 5 to 10 RJ . The latitude in Figure 5.2 is the loca-
tion of the centrifugal equator from the VIP4 model subtracted from the centrifugal
equator from the dipolar approximation from equation 5.5. The offsets show that
the maximum offsets occur around 90 and 270 degrees System III longitude while the
minimum offsets occur at 180 and 360 degrees System III longitude. The 90 degree
maximum is slightly larger than the maximum at 270 degrees. For the minimum,
the minimum at 0 degrees is deeper than the one at 180 degrees. This distribution of
minimum and maximum values is consistent with a “potato chip” shaped centrifugal
equator.
5.3.2 JRM09 Centrifugal Equator
The JRM09 model contains higher order moments of the magnetic field and
thus requires more considerations. The top panel of Figure 5.3 shows the difference
between the VIP4 dipole approximation and the JRM09 dipole approximation. The
difference shown is equal to the intrinsic difference of the magnetic field models.
The bottom two panels of Figure 5.3 show the 4th order approximation (left
panel) and the full JRM09 model (right panel). On close inspection there is no
significant difference between the centrifugal equator determined determined from
the 4th order and full order models. The higher order models take a long time to run.
For the IPT the highest order that affects the distribution is the 4th order. Therefore,
I truncate the JRM09 model to include only up to 4th for the rest of this chapter.
Unlike the difference found when using the VIP4 model, the JRM09 model
appears asymmetric. There is a minimum difference at around 190 degrees but the
minimum around 0 degrees is not nearly as small. There is a maximum at around
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Fig. 5.3: Comparison of centrifugal equator predicted by theory to the JRM09
dipole approximation (top), the JRM09 model to 4th order (bottom, left), and the
full model (bottom,right). The multicolored points indicate the difference between
the model centrifugal equator and the centrifugal equator predicted by the dipole
approximation to the VIP4 model.
270 degrees but the maximum on the other side occurs slightly before 90 degrees.
This again is consistent with a warped centrifugal equator.
5.4 Comparison to radio occultation data
The radio occultations presented in Chapters 3 and 4 cover PJ1, PJ3, PJ6, and
PJ8. PJ10 offset values are added to cover the missing longitude sector between 270
and 360 degrees. PJ1 occurs at a longitude of 184 degrees, PJ3 occurs at a longitude
of 60 degrees, PJ6 occurs at a longitude of 213 degrees, PJ8 occurs at a longitude of
10 degrees, and PJ10 occurs at a longitude of 329 degrees. PJ10 results are shown in
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Table 5.1: Date, time, and System III longitude for Juno radio occultations. The
start times reference the beginning of occultation while the end times are the end of
occultation.
Torus
Start
Torus
Peak
Torus
End
Torus
Start
Torus
Peak
Torus
End
Perijove Date time time time λIII λIII λIII
UTC UTC UTC degrees degrees degrees
Perijove 1 Aug 27, 2016 13:10 13:56 15:04 157 184 232
Perijove 3 Dec 11, 2016 16:38 17:38 18:18 37 60 100
Perijove 6 May 19, 2017 5:50 6:50 7:50 187 213 258
Perijove 8 Sept 1, 2017 21:24 22:24 23:24 348 10 48
Perijove 10 Dec 16, 2017 17:38 18:38 19:38 303 329 8
Appendix 5.7. These longitudes are for the time where the Juno-Earth line of sight
passes through the torus at 5.89 RJ . A full view is show in Table 5.1.
5.4.1 VIP4 versus JRM09
The offsets found from the models cover a range of radii from 5 to 10 RJ with
increments of 0.1 RJ and longitudes from 0 to 359 degrees counting by 10. This gives
a complete distribution of offsets for comparison to the radio occultation data.
Figure 5.4 shows the offsets from the VIP4 dipole approximation predicted
centrifugal equator. The top panel is the VIP4 model. The VIP4 model matches
reasonably to the values at around 184 degrees. At 10, 60, 213, and 329 degrees
the values from the VIP4 model are too small, too small, too large, and too small
respectively. The VIP4 model offsets agree with only one of the radio occultation
although the shape is similar to that inferred from the data.
The bottom panel of Figure 5.4 shows the JRM09 model versus the radio occul-
tation data. It can be seen that the JRM09 model matches better the values found
from the radio occultations. The values for the cold torus lie in the range determined
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Fig. 5.4: The multicolored points show the full VIP4 model (top) and JRM09 model
(bottom) offset from the VIP4 dipolar approximation for radial distances of 5 to 10
RJ . The blue circles are the radio occultation data for the cold torus (∼ 5.3 RJ) and
the red circles are the data for the torus beyond 5.5 RJ . The black line represents
the location of the radial distance of 6.0 RJ in the models.
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Fig. 5.5: Schematic of the current sheet’s effect on the magnetic field (based on
magnetic field model of Krishan Khurana). The black lines represent the magnetic
field, and the blue lines/symbols indicate the different currents created. The purple
shaded region shows the location of the plasma in the magnetosphere which creates
the current. (a) Azimuthal current sheet. (b) Radial current sheet. Image Credit:
Krishan Khurana
by the model. The values determined for the torus > 5.5RJ are still not in the range
predicted by the JRM09 model.
5.4.2 Addition of the current sheet
The JRM09 model is the internal field model but there is another field affecting
the Io plasma torus. The current sheet, parameterized by Connerney (1981), is the
current created by plasma in the magnetosphere. The “nominal” current sheet uses
a width of 0.5 RJ , an inner radius of 5 RJ , and a value for the initial magnetic field
(µ0I0/2) of 225 nanoTesla (nT). The current sheet was found to vary during orbits
of Galileo (Vogt et al., 2017). The initial magnetic field was found to vary between
203 nT to 286 nT. This current sheet enhances the magnetic field at Io plasma torus
radii. A schematic of the affect of the current sheet is shown in Figure 5.5. The
effect, on the centrifugal equator, of adding the current sheet to the internal field
model is shown in Figure 5.6.
The current sheet enhancement of the magnetic field causes a greater warping
of the centrifugal equator. This is due to the nature of the centrifugal equator. The
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Fig. 5.6: The multicolored points show the JRM09 model to 4th order with a nominal
current sheet offset from the VIP4 dipolar approximation for radial distances of 5
to 10 RJ . The blue points are the radio occultation data for the cold torus (∼ 5.3
RJ) and the red points are the data for the torus beyond 5.5 RJ . The black line
represents the location of the radial distance of 6.0 RJ in the models.
centrifugal equator is defined as the locus of points along the magnetic field lines that
are the furthest away from the rotational axis. Thus, if you have a stretching of the
magnetic field the magnetic field lines are shifted causing the place on the magnetic
field to change location. This is what is happening when you add the current sheet
magnetic field component to the internal field model.
This effect is seen by the larger angles in Figure 5.6 when compared to Figure
5.4. The JRM09 without the current sheet appears in agreement with the cold torus
while under-estimating the angular offset of the warm torus. The JRM09 plus current
sheet model gives better agreement with the position of the warm torus though it
over-estimates the cold torus. This is seen by the red points being in better agreement
with the multi-colored points. The relative distances between the points were seen
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to be small in most cases for the JRM09 internal field only model. The JRM09 plus
current sheet model centrifugal equator has larger differences with radial distance
which is consistent with those found from the Juno radio occultations. Even with
the mismatch between modeled and observed cold torus, the current sheet included
model does a better job of approximating the observed variation in the centrifugal
equator.
To test the effects on the centrifugal equator, I vary the current sheet inner
radius of 6, 7, and 8 RJ , the initial magnetic field (µ0I0/2) from of 100, 300, and 400
nT, and width of 1.0, 3.0, and 4.0 RJ . The results are shown in Figure 5.7.
As you move out in radius (top 3 panels of Figure 5.7) the current sheet starts
having less of an effect on the inner torus radii. This is noticed as a gap that starts
appearing between points on the curve. This gap occurs at the radius that the current
sheet starts. The gap occurs because the regions outside the current sheet return to
the values derived from JRM09.
The middle 3 panels of Figure 5.7 show the change in the current sheet strength.
The lower the current sheet strength the closer the offsets from dipolar get to the
JRM09 offsets. Increasing the current sheet causes the offsets to go further away
from the JRM09 offsets.
The bottom panels of Figure 5.7 show the effect of varying the width of the
current sheet. This parameter causes the least changes. If the current sheet thickness
is halved or doubled the affect is minimal and barely detectable. There is some
variability in the radial dependence but only if you have large changes in thickness.
The plasma is trapped on the field lines close to the magnetic equator so the thickness
should not vary as much as necessary to match the data. Therefore, this parameter
can be kept constant when trying to determine a fit to the radio occultation data.
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5.5 Discussion
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Fig. 5.8: This plot shows all model offsets from the VIP4 dipole approximation. The
blue diamonds represent the VIP4 mode, the black triangles represent the JRM09
model, and the cyan squares represent the JRM09 model plus a current sheet. The
green points are the radio occultation data for the cold torus (∼ 5.3 RJ) and the red
points are the data for the torus beyond 5.5 RJ .
Figure 5.8 shows the comparison between the VIP4, JRM09, and JRM09 plus
current sheet models. The field models determine the shape of the centrifugal equa-
tor. In Chapter 3 and 4 I showed that the dipole approximation for the magnetic
field does not fit the data from Juno radio occultations. It is shown that there is a
System III longitude variation of the offsets. The points with error bars are the data.
The higher order moments create better agreement with the radio occultation
data. The JRM09 internal field model fits the radio occultation cold torus data
while under-estimating the outer torus data. This is the most up to date internal
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field model and thus should be the best. To be complete the current sheet needs to
be included. Including this in the JRM09 model gives a much better agreement to
the outer torus data and the shape while over-estimating the cold torus.
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Fig. 5.9: The multicolored points show the JRM09 model to 4th order offset from
the VIP4 dipolar approximation for radial distances of 5 to 10 RJ . The black points
are the measured ribbon offset from the OTD model (Schneider and Trauger , 1995).
The blue points are the radio occultation data for the cold torus (∼ 5.3 RJ) and the
red points are the data for the torus beyond 5.5 RJ .
In the ground-based observations there is an apparent offset of location of dens-
est regions (Schneider and Trauger , 1995; Herbert et al., 2008). Schneider and
Trauger (1995) showed that the O4 and O6 magnetic field models with the cur-
rent sheet showed better agreement than the dipole model for the ribbon region.
Figure 5.9 shows the new JRM09 model, the radio occultation data, and the ribbon
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data offset from the OTD model. It can be seen that the shapes are nearly identical
even though the magnitudes are slightly offset. This figure is similar to that of Figure
4.13 but with the JRM09 offset from VIP4 dipole shown in the background.
Herbert et al. (2008) found an offset between the ribbon and suggested that one
of the sources of this offset could be the current sheet. In this chapter I presented
the effect of the current sheet on the centrifugal equator. The internal field model
causes a displacement of the centrifugal equator as a function of radius. If a current
sheet is added to the internal field model the displacement is enhanced causing there
to be a large offset between the inner torus and the outer torus.
5.6 Concluding Remarks
The Io plasma torus geometry is determined by the interactions of the plasma
with the magnetic field and centrifugal forces. The torus equator, called the cen-
trifugal equator, is the point on the field lines furthest away from the rotational
axis. In a purely dipolar magnetic field the points on the field lines create a plane
tilted 2/3 of the way to the magnetic equatorial plane (Hill et al., 1974; Vasyliunas ,
1983; Khurana et al., 2004). The magnetic field is not purely dipolar but contains
higher order moments. The magnetic field models, VIP4 and JRM09, contain the
higher order moments (Connerney et al., 1998, 2018). These higher-order moments
are shown to influence the centrifugal equator and make it “potato chip” shaped.
The centrifugal equator is also influenced by the current sheet magnetic field which
enhances the magnetic field strength at Io plasma torus distances
Therefore the answer to the question of this chapter, “Are distinct torus regions
located at the centrifugal equator?”, is yes. This last question is more complicated
than the scale heights or total electron content. The angular offsets of torus regions
from the nominal plane of the centrifugal equator vary between the five perijoves (PJ
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1, 3, 6, 8 , and 10). The angular offset of the torus beyond 5.5 RJ varies between
-2 and 1.5 degrees. The angular offset of the cold torus varies less, between -1 and 1
degrees. I hypothesized that they may be caused by higher-order multipoles in the
magnetic field structure, which distort the planar centrifugal equator predicted for a
dipole field. This appears to be the case though the size and strength of the current
sheet also seems to play a role.
Ground-based observations have shown that the centrifugal equator is non-
planar (Schneider and Trauger , 1995; Herbert et al., 2008; Schmidt et al., 2018).
Schneider and Trauger (1995) showed the need to include the higher order moments
of the magnetic field and current sheet to have better agreement with observations.
The angular offset of the cold torus exhibits a clear sinusoidal dependence on System
III longitude that is remarkably similar to the dependence found for ground-based
observations of the ribbon from Schneider and Trauger (1995). Herbert et al. (2008)
found the ribbon offset from the cold torus positions. Schmidt et al. (2018) showed
variation in this offset and variation of the ribbon position over time and with System
III longitude. This is consistent with the Juno radio occultation observations shown
in this thesis and the effect of variability in the current sheet shown in this chapter.
The JRM09 plus the current sheet shows distinct offsets with radial distance
for the centrifugal equator. The shape is very similar to that found from the Juno
radio occultations. Therefore, to model the Io plasma torus radio occultations it
is necessary to include both the 4th order components of the magnetic field and a
nominal current sheet.
5.7 Appendix A: Perijove 10 data
The data for Perijove 10 was not released until after the completion of Chapter
4. Therefore, the analysis is included in part here. The calibration is shown in Figure
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5.10, the comparison to model is shown in Figure 5.11, and a simple least squares fit
to the data is shown in Figure 5.12. Since the only parameter of the fit used in this
thesis is the offset I only present a discussion of that parameter here.
The peak offset values for the model are -0.080 RJ for b1 and 0.079 RJ for b2
during PJ8. When the PJ6 line of sight passes through the OTD nominal centrifugal
equator at
√
x2 + y2 = 5.89RJ , the radial distance of the peak of the warm torus,
Juno is at
√
x2 + y2 = 0.94 RJ and z = 0.68 RJ . Therefore this line of sight is at
an angle of 7.87 degrees to the OTD nominal centrifugal equator. Consequently, the
line of sight for which the model cold torus TEC is greatest passes through the OTD
nominal centrifugal equator at a radial distance of 5.31 RJ . Similarly the line of
sight for which the model “torus beyond 5.5 RJ” is greatest passes through the OTD
nominal centrifugal equator at a radial distance of 6.46 RJ .
∆b is 0.016 ± 0.011 RJ for the cold torus and ∆b2 is 0.102 ± 0.068 RJ for
the torus beyond 5.5 RJ . Using these values, I find tilt angles αn of 0.17 ± 0.12
degrees for the cold torus and 0.90 ± 0.60 degrees for the torus beyond 5.5 RJ . The
uncertainties presented here are taken to be the same as those for PJ8 and are not
from a complete MCMC fit to the data.
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Fig. 5.11: Corrected versions of final time series of total electron content for PJ3
(left), PJ6 (middle) and PJ8 (right) using k = 0.5skm−1. In each panel the black
dashed line represents the model discussed in Chapter 3.
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6
Summary and Conclusions
6.1 Introduction
The goal of this thesis was to investigate the source of Jupiter’s magnetospheric
plasma, the Io plasma torus. This investigation gives understanding of the under-
lying plasma distribution in the solar system’s largest magnetosphere. Specifically
this thesis aimed to answer the following three questions the answers to which are
summarized in Section 6.2.
1. Can Juno radio science instruments measure properties of the Io plasma torus?
2. How do the total electron content and scale height of distinct torus regions vary
with System III longitude?
3. Are distinct torus regions located at the centrifugal equator?
6.2 Scientific Results
6.2.1 Can Juno radio science instruments measure properties of the Io
plasma torus?
This question was answered with the combination of Chapters 2 and 3. Juno
radio science instruments were shown in Chapter 2 to be able to measure the the
total electron content and scale height of the Io plasma torus with 10–20 percent
uncertainties. These scale heights and total electron contents can be used, in con-
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junction with models of the Io plasma torus, to determine parallel ion temperature
and electron volume density, respectively.
Motivated by the predicted feasibility of the Juno radio occultations I moved
on to using Juno frequencies. This led to Chapter 3 where I use the radio frequencies
from PeriJove (PJ) 1 to determine the Io plasma torus total electron content. The
Io plasma torus signal is easily observed over the background, which can be fit and
subtracted. The background corrected profiles are then fit with a summed Gaussian
that represents the inner and outer torus regions. The detained geometry of the
observations were not included in the feasibility study of Chapter 2 but shown in
Chapter 3 to be very important. The fitted Gaussian gives the peak total electron
content, scale height, and a central location. The total electron content is related
to the density, the scale height relates to the ion temperature and composition, and
the central location is related to the latitude location of the torus. The densities and
scale heights were found to be larger than expected from Voyager-based models.
This shows that the radio frequencies from the Juno spacecraft can determine
variability in the total electron content and scale height of the Io plasma torus. The
first two parameters are relatively simple to compare but the central location required
more modeling to relate to physically relevant parameters. This central location was
used to determine the location of the centrifugal equator compared to those predicted
from the dipole magnetic field approximation. I find that the torus is not located in
the centrifugal equator as defined by the dipole field approximation.
In conclusion, the Juno radio science experiment can detect the Io plasma torus
and the signal can be used to determine properties of the Io plasma torus.
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6.2.2 How do the total electron content and scale height of distinct torus
regions vary with System III longitude?
The answers to this question are presented in Chapter 4. Previous observations
of the torus from Cassini (Steﬄ et al., 2006) and Earth based observatories (Schneider
and Trauger , 1995; Schneider et al., 1997; Nozawa et al., 2004; Herbert et al., 2008;
Tsuchiya et al., 2015; Schmidt et al., 2018) found the electron and ion density and
temperatures to vary sinusoidally with System III longitude. Juno radio occultations
found the outer torus peak TEC varies little with System III longitude but does
appear to do so sinusoidally while the inner torus varies more. However, the scale
heights for both inner and outer torus do appear to vary sinusoidally with System
III longitude. It is also seen that the temperatures appear to vary similarly between
the outer and inner torus.
Cold torus properties vary greatly between these Perijoves. The cold torus TEC,
which can be considered proportional to peak density in this region, varies from a
minimum value of 3.25 ± 0.93 ×1016 m−3 during PJ3 to a maximum values of 12.3
± 1.50 ×1016 m−3 during PJ8. The scale height of the cold torus varies from a
minimum value of 0.177 ± 0.019 RJ during PJ6 to a maximum value of 0.348 ±
0.051 RJ during PJ1.
By contrast, properties of the torus beyond 5.5 RJ do not very as much between
these Perijoves. Three of the four peak TEC values are within about 10 percent of
23.2 TECU. The outlier is PJ1, where the peak TEC is about 30 percent greater.
The relevant scale heights vary from a minimum value of 0.878 ± 0.091 RJ during
PJ8 to a maximum value of 1.18 ± 0.13 RJ during PJ1. All values are within 20
percent of 1 RJ .
In conclusion, I state that the total electron content varies widely around some
median value with no apparent consistent variation with System III longitude. The
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scale heights appear to have a sinusoidal variation with System III longitude although
slightly different than that found by Herbert et al. (2008).
6.2.3 Are distinct torus regions located at the centrifugal equator?
This last question is more complicated than the scale heights or total electron
content. Herbert et al. (2008) discussed the offsets of the ribbon observations from
a nominal cold torus. This question is answered in Chapter 5 using the two current
models of Jupiter’s magnetic field, VIP4 and JRM09.
The angular offsets from the nominal plane of the centrifugal equator, for both
the inner and outer torus, vary between the four perijoves. The angular offset of
the torus beyond 5.5 RJ varies between -2 and 1 degrees. The angular offset of the
cold torus varies less, between -1 and 1 degrees. These variations appear controlled
by System III longitude. I hypothesize that they may be caused by higher-order
multipoles in the magnetic field structure, which distort the planar centrifugal equa-
tor predicted for a dipole field. The angular offset of the cold torus exhibits a clear
sinusoidal dependence on System III longitude that is remarkably similar to the de-
pendence found for ground-based observations of the ribbon. The offsets found from
the dipole model for the cold torus are consistent with those found from by Schneider
and Trauger (1995) for the ribbon. Herbert et al. (2008) found the ribbon offset from
the cold torus positions. An explanation of this variability is discussed in Chapter 5.
Ground-based observations have shown that the centrifugal equator is non-
planar (Schneider and Trauger , 1995; Herbert et al., 2008). Schneider and Trauger
(1995) showed the need to include the higher order moments of the magnetic field
and current sheet to have better agreement with observations. The angular offset of
the cold torus exhibits a clear sinusoidal dependence on System III longitude that
is remarkably similar to the dependence found for ground-based observations of the
ribbon from Schneider and Trauger (1995). Herbert et al. (2008) found the rib-
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bon offset from the cold torus positions. The JRM09 plus the current sheet model
shows distinct offsets with radial distance for the centrifugal equator. The shape is
very similar to that found from the Juno radio occultations. Therefore, to model
the Io plasma torus radio occultations it is necessary to include both the 4th order
components of the magnetic field and a nominal current sheet.
In conclusion, the IPT regions found in the Juno radio occultations do appear
in the centrifugal equator. The centrifugal equator is just not the nominal centrifugal
equator. The centrifugal equator is dependent on the higher order moments of the
magnetic field and the current sheet parameters.
6.3 Concluding Remarks
Since the first observations of the moons of Jupiter made by Galileo they have
captured the imagination of astronomers. With the wealth of data provided by the
Juno mission in conjunction with Earth-based observatories the field of the Io plasma
torus has made leaps forward. The Io plasma torus is now being studied in greater
detail than ever before. With the polar orbit of the Juno spacecraft the source of
the plasma and one end stage, Jupiter’s aurora, can be studied in great detail. The
combinations of measurements and the amount of data taken give a never before seen
look into the giant planet. This gives insight into the largest magnetosphere in the
Solar System and a peek into the life cycle of the plasma that drives the system. The
future orbits of the Juno spacecraft will provide a greater opportunity to determine
the properties of the Io plasma torus and their connection with the rest of Jupiter’s
magnetosphere.
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